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ABSTRACT

Metabolic parameters for life detection have been successfully
demonstrated by phosphate uptake, sulfate uptake, and ATP production of
Earth-born microorganisms using RM9—3SSOh—S medium. Phosphate uptake wes
determined by measuring decrease of phosphate concentration in supernatant
of the test medium. Sulfate uptake wes shown by accumulation of 35804-5 in
cells. ATP production was demonstrated by ATP assay of the cells extracted
by DMSO through subsequent injection of the extracted ATP into firefly luci-
ferase, luciferin, and other reagents for light response.

Samples for detection were introduced into an experimental medium
and a poisoned control. Positive response of the former in contrast to
little or no response of the latter in manifesting the activities presented
the evidence of microbial metabolism and life.

Analytical methods for phosphate determination included the
conventional ammonium molybdate-stannous chloride method, the lhc—triethyl-
amine-phosphomolybdate method, the calcium electrode method, and enzymatic
orthophosphate analysis. The last two methods were not successful. The most
promising one was th-triethylamine-phosphomolybdate method. Most of the
phosphate uptake laboratory studies, however, were done by ammonium molyb-

luc—triethylamine is too expensive to

date-stannous chloride method since
be used for routine analysis. For sulfate uptake, cells after being exposed
to RM9—3580u-S medium were filtered and counted by a radioactive counter.
These cells were then extracted for ATP determination using the firefly
enzymatic method. Initially, phosphate and sulfate uptake studies were

done individually while the ATP study was tested along with phosphate uptake

studies. Later, integrated tests were made.
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MG medium, a chemically defined medium plus soil exbract, was
modified to yield a so-called "universal medium" (RM9-3SSOLL). Orthophosphate
concentration was reduced to minimal requirement (1 mg. PO,-P per liter) to
increase the detectability of change in phosphate ion concentration due to
microbial activity. Sulfate with high radioactivity (358%—8) but with
very little carrier wes prepared to increase the sensitivity of the sulfate
uptake. Glucose was added at a level to insure growth but to avoid its
inhibitory effect on various microorganisms. Thioglycollate was included
to promote better growth of anaerobes, and Tris buffer to maintain optimal
pH.

Many environmental factors such as aeration and growth temperature
have been tested. Static growth condition and 26° C. of incubation temper-
ature seemed to be favorable for a wide range of microbial growth. Physio-
logically younger cells gave higher metabolic response and a few hundred
cells have been proved to be capable of initiating the metabolic activities.
A number of poisons has been tested, Their effectiveness against tested
organisms and soil culture insure attainability of proper poisoned control.

M9, various M9-, and RM9—3SSOLL—S media have been tested for micro-
bial metabolic activities using pure, mixed, and soil cultures, The results
have been very encouraging. The possible interference of soil particles on
metabolic activities has been studied. As the result, a method of prepar-
ing the soil inoculum has been derived, to reduce the interference to minimum
or nil.

The engineering problems associated with mechanizing and automat-

ing a laboratory to perform the metabolic assay techniques were investigated.



The development of such an instrument appears to be feasible, although there
are serious problem areas, such as the sterilization and long-term stability
of reagents, which need further study. Two fundamentally different concepts -
one with reusable reaction chambers and one with "throw-away" chambers were
developed. Within each concept, several configurations were studied.

Although the detailed design of an instrument was outside the scope of this
program, the studies show that a system employing reusable chambers and a
tape-transported filter mechanism offers the most in simplicity, size, weight,

and reliability,
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l. INTRODUCTION

The National Aeronautics and Space Administration has
been planning to conduct biological experiments in manned, Earth-
orbiting laboratories; on the Moon and on Mars. Important phases
of these experiments will be concerned with detection of the
presence of and monitoring the metabolism of microorganisms.

The microorganisms may be of terrestrial, or possibly extraterrestrial
origin.

In the Apollo Program, plans are being made for the
astronauts to install an analytical chemistry and life detection
laboratory on the Moon. It is possible that the subsurface of the
Moon contains viable microorganisms, which might have come from the
Earth , under the hypothesis that the Moon is of Earthly origin, or
might have been deposited with dust from the Earth or from other
planegs or from meteorites. The metabolism portion of the lunar
laboratory then should be designed to the extent possible for the
detection of either terrestrial or extraterrestrial life. For the
1973 flight to Mars, an automated laboratory for life detection has
been considered,

Under NASA support, Hazleton Laboratories, Inc., has been
engaged in the development of an instrument to detect and monitor the
metabolism of extraterrestrial life (1). This instrument supplies

14C and 35

S labeled substrates to a soil sample and measures the
production of metabolic gases. The success of this instrument has
encouraged a further exploration to include other metabolic determinations

and thus has lead to the present research.
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Phosphate uptake and ATP production are related to the
metabolism of phosphorus, which is essential to life on Earth and
perhaps to life on other planets. Sulfate metabolism also is one
of the vital metabolic chains for life on Earth. Many sulfate-
reducing bacteria on Earth are anaerobes. They can tolerate
extreme conditions of heat, pressure, salinity and cold. They
resemble the organisms which can be imagined to exist in the
environment of other planets.

The objective of the present contract with NASA is to
probe the feasibility of detecting terrestrial life as well as
extraterrestrial life through a number of "*metabolic windows".

More specifically, the research program is to establish feasibility
parameters for monitoring microbial metabolism through uptake of
phosphate and sulfate and ATP production, and to explore the
engineering problems associated with the development of an integrated
automated instrument to measure microbial metabolism.

The ultimate extension of the present investigations
will be to combine and expand the "“metabolic windows', to detect
not only phosphate and sulfate uptake and ATP production, but also
to incorporate the evaluation of 14(302 respiration as well as
photosynthesis and other activities pertinent to life metabolism. All
of these various metabolic activities would be detected by an integrated
sensing unit which would send the information to Earth.

As stated above, the research performed at this state is
to prove the experimental feasibility of monitoring phosphate and
sulfate uptake and ATP production using Earth-born microbes. The
engineering aspect is concerned with the concept and problems of

1
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constructing such an integrated life detector.

II. METABOLIC UPTARKE OF PHOSPHATE

Phosphorus is essential to the metabolism of all known
forms of life. Every biological reaction is ultimately dependent
upon phosphorus for energy conversion and transfer (2). Furthermore,
all known organisms are believed to be fastidious as to the form
in which phosphorus may be accepted from the environment as
orthophosphate (3). The chemical fact of the high-energy storage
capacity of the resonant bonds polymerizing phosphate ions, makes
phosphorus a strong candidate for a role in almost any conceivable
form of extraterrestrial life.

Microorganisms take up phosphate not only at the
multiplying stage, but also during the lag phase. It has been
shown in a sewage study that not only did microorganisms take up
phosphate during growth phases, but they even take up phosphate
in the absence of growth (4). Roberts, et. al., (5) have also
demonstrated rapid uptake of orthophosphate by Escherichia coli:
significant amounts of 32P—Iabe|ed orthophosphate were incorporated
into the cells at 0°C. within three minutes.

On Earth, orthophosphate is essential to both aerobic and
anaerobic metabolisms. It is reasonable to hypothesize that in the
low-oxygen (or anerobic) environment on Mars, organisms would still

utilize phosphate.
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The experiment, then, consists of supplying a suitable
aqueous medium to a sample to be tested. An aliquot of the liquid
phase i1s removed by filtration and assayed for orthosphosphate.
This establishes the iInitial orthophosphate level contained in the
medium and that added by the introduction of the sample. At
periodic intervals, thereafter, aliqouts are similarly removed
and assayed. for orthophosphate. The uptake of orthophosphate by
the test culture as opposed to no uptake or attenuated uptake
demonstrated in a suitably inhibited control would be evidence
for metabolism.

A.  Analytical Methods

Four types of analytical methods for determining the
levels of orthophosphate have been studied: (@ ammonium molybdate-
stannous chloride method (2) 140-triethy1a,mine-phosphomolybdate
method, (3) enzymatic ATP assay method, and (@) calcium electrode
method. Details of each experimental procedure are given and
discussed below.

1 Conventional Methods

The conventional methods for the determination of phosphate
suffer from at least one disadvantage as far as this program is
concerned: The spectrophotometric read-out technique iIs not
compatible with the other related experiments (e.g., Gulliver).
However, the conventional methods are essential in establishing
the validity of novel methods of analysis and in preliminary
experiments. Therefore, unless otherwise specified, the conventional
ammonium molybdate-stannous chloride method is used primarily iIn

the phosphate uptake studies. Other conventional methods such as

) 4.
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ammonium molybdate-hydrazine sulfate and ammonium molybdate-

aminonaphthol sulfonic acid methods are discussed.

a. Ammonium Molybdate-Stannous Chloride Method

Based on the procedure in Standard Methods for the

Examination of Water and Wastewater (6), the following ammonium

molybdate-stannous chloride method has been developed. This

method was the primary method used for phosphate uptake studies.

Reagents :

Procedure:

Alternatives :

II.

i

IT1.

IliI.

Iv.

2

Ammonium molybdate - 10%aqueous

ammonium molybdate hydrate (.4H20)
is diluted 1:3 with 50%HZSO4.
Stannous chloride = 400 mg. of SaCl_: 2H_O

is dissolved in 100ml. of 10%HCI fprefared

daily).

Phosphate standards = stock solution
(1000 mg. phosphate-P/liter) contains
4.3916 g. of anhydrous KH, PO Ln 1000
ml. A fewml. of CHCL, afe édded as a
preservative. Dilute %olutions (down to

1ug/ml) are stored in the refrigerator.

Add 10 ml. of sample or standard to assay
tube.

Add 0.1 ml of ammonium molybdate reagent
and swirl.

Immediately add 0.1 ml. of stannous
chloride reagent and swirl.

After 12 to 15 minutes at room temperature,
read vs. reagent blank in a Beckman DB
Spectrophotometer 20 at 650 mpp in a 3/4
inch cell. against a reagentblank.

When larger amounts of assay solution are
desired, 100 ml. are placed in 250-ml.
Erlemmeyer flasks and 1.0 ml. of each of
subsequent reagents added. Originally,

a water blank was used instead of a
reagent blank, and a correction factor
had to be applied to each reading.
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Results : A typical response curve is given in Figure
No. 1, and indicates reasonably good sensitivity
down to about 25 ug. of phosphate-P per liter.
Sensitivity could be extended by the use of a
longer light path.

b. Ammonium Molybdate-Hydrazine Sulfate Method

Based on the procedure of Bruice, et ai.,(21), the

following method was tested.

Reagents: 1. 5N H,S0,
II. 0.15% hydrazine sulfate (w/v, distilled water)

III. 2.5% ammonium molybdate (.4 HZO)(w/v, distilled
water)

Procedure: I. To 5 ml. of sample in 10-ml. volumetric
flask, add 2 ml. of 5N H2804.
II. Ad 0.5 ml. of hydrazine sulfate reagent
and 1.0 ml. of the ammonium molybdate
reagent.

III. After filling to volume with distilled water
and mixing, transfer to tube. Boil for
10 minutes, cool and read in 4 cm. cell in
Beckman DB at 730 mu against a reagent blank.

Results : A typical curve is included in Figure No. 2
and indicates reasonably good sensitivity even
at 5 ng. phosphate-P per liter.

c. Ammonum Molybdate-Aminonaphthol Sulfonic Acid Method

Based on the procedure of Sunderman and Sunderman (7), the
following method was tested:

Reagents: I. 5N H2804

II. 2.5% ammonium molybdate .4 H,0 (w/v) in
distilled water.

111.  Aminonaphthol sulfonic acid reagent:
To 19.5 ml. of 15%sodium bisulfite (w/v)
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in a glass-stoppered cylinder are

added 0.5 g. of 1,2,4-aminonaphthol

sulfonic acid. After adding five ml.

of 20% sodium sulfite (w/v), the

flask is shaken until the sulfonic

acid goes into solution. (The reagent

is stable for one month in the refrigerator).

Procedure: I. To 15ml. of sample or standard in a
25-ml. volumetric flask are added,
successively, 25 ml. of 5 N H,80,,
2.5 ml. of ammonium molybdate §o1ution
and 1.0 ml. of the aminonaphthol sulfonic
acid reagent.

IT. After filling to volume with distilled
water, the mixture is allowed to stand
for five minutes at room temperature and
then read against a reagent blank, in a
4 cm. cell in the Beckman DB Spectrophotometer,
at 700 mp.

Results : A typical curve is included in Figure No. 2
and shown sensitivity of about 8 pg.
phosphate-P per liter.

It should be noted that the first described method was
measured in one em. cell, whereas the latter two methods were
measured in four cm. cells. Nevertheless, the third method is more
sensitive than the second which is more sensitive than the first, even
after multiplying the OD. readings of the first method by four.

2 14C—triethy|amine-phosphomo lybdate Method

The obvious method for radioactive assay of orthophosphate
is to use the isotope 32P. However, the relatively short half-life
(14.3 days) precludes the use of this isotope for a Mars mission.
However, it should be possible to utilize the long-lived isotope, 14(;’ by
guantitatively precipitating phosphate with 14C—triethylamine hydrochloride
in the Sugino-Miyoshi procedure.

Sugino. and Miyoshi (8), have described a variation of the
ammonium molybdate method of determining the concentration of

orthophosphate which depends on the formation of a phosphate-triethylamine-

)
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molybdate precipitate rather than the formation ofF a colored complex,
as in the above more conventional methods. Not only is this method
not sufficiently sensitive (it is good to 5 x 107% M phosphate), but
it would not be practicable in this program. However, there is the
possibility that substitution of YC-labeled triethylamine for the
unlabeled material may yield a technique which is sufficiently
sensitive to measure phosphate uptake by a few microorganisms and
which would have a compatible read-out with the other experiments

in the program.

Reagents : I. 4 N perchloric acid
II. 0.8 M ammonium molybdate
III. 0.8 M triethylamine hydrochloride

Procedure: I. To 10 ml. of sample or standard, add
successively 0.06 ml. of 4 N perchloric
acid, 0.25 ml, of 0.8 M ammonium molybdate
and 0.05 ml. of triethylamine hydrochloride.

II. After a fewminutes at room temperature, the
precipitate is removed by centrifuging at
1500 X g. for five minutes.

III. The concentration of phosphate In the supernatant
iIs determined by one of the conventionalmethods;
the total amount of phosphate in the precipitate
is determined by dissolving the precipitate in
2 ml. of 1N ammonia, then diluting 1:500 with
water and using a conventional assay to determine
phosphate cecovery.,

Results: Typical results are summarized in Table No. 1.
As can be seen, the recovery of phosphate by
triethylamine-ammonium molybdate-perchloric
acid mixture was very good. A high specific
activity of triethylamine used to recover
phosphate would be expected to yield the most
sensitive results.

Following are the tests using 14C—triethylamine

Reagents: I. 4N perchloric acid
4 _ JD _



Table No. 1 = Phosphate recovery by precipitation

method
CONC. OF PHOSPHATE
| N STARTING SOIN, RECOVERY OF PHOSPHATE
mg/Ts mg/L
“0.10 0.08
0.20 021
0.40 0.42
0.60 0.60
0.80 0.76



1. 0.08 M ammonium molybdate
11. 14C—triethy|amine

As received, the triethylamine had a specific
activity of 1.1 millicuries per millimole.

There were 7.8 millicuries per ml, and 7.1 millimoles
per ml. The contents were diluted 1:100 with water
to elute them. This solution was stored in the
refrigerator; it contained 78 nC/mL or 1.7 X 108 DR,

Procedure: l. The 14C—triethy|amine solution was further diluted
1:10 with 08 M triethylamine hydrochloride
(unlabeled). To 1.0 ml. of varying concentrations
of phosphate were added 0.05 ml. of 4 N perchloric
acid, 0.25 ml. of ammonium molybdate and 0.05 ml.
of the labeled triethylamine hydrochloride,

11. After a few minutes at room temperature, the tube
was centrifuged at 1500 X g for five minutes.

111. The supernatant was placed in a planchet and 1 ml.
of solution containing ammonium molybdate and
perchloric acid was added to the centrifuge tube.

Iv. After resuspending the precipitate, it was centrifuged
again. The supernatant was added to the original
planchet and the precipitate to a second planchet.
After evaporating the solutions in the planchets
to dryness, they were counted in a Widebeta gas
proportional counter (with an efficiency of
approximately 30%).

Results : Typical results for the precipitate are shown in
Figure No. 3. The limits of sensitivity are difficult
to determine on this curve, but a linear curve of
cpm vs. standard phosphate concentration ranging
from O to 100 pg PO4-P per liter was established.

Although this method appears promising, the recovery of
phosphate molybdate precipitate was made by centrifugation, which
obviously is not applicable for flight instrument. Therefore, an
approach of using membrane filtration for recovery of the preciptate
was attempted,

Procedure: 1 The 14C—triethy|amine stock solution (1:100 dilution)
was further diluted to 1:10 with 0.8 M triethylamine
hydrochloride (unlabeled). To 20 ml. of varying
concentration of phosphate were added 0.1 mL of
4 § perchloric acid, 0.5 mh of 0.08 M ammonium
molybdate, and 0.1 ml. of ~ C-triethylamine. A
standard curve was made, this time at the range of
10 pg through 1000 pg per liter to cover a wider
range.

3
- 12 -
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Results : The results are shown in Figure No. 4.

Although the gm was low, the linearity

of the curve was encouraging.

The radioactivities of the precipitates shown in Figures

No. 3 and No. 4 are rather low. The highest value was less than
200 gm which is only approximately 10 times higher than the
background count using Nuclear Chicago D-47 gas flow counter. To
obtain more highly radioactive precipitates, it is necessary either

14C—triethylamine

to use higher specific activity or larger amounts of
material. Since the available 14C—triethylamine was low in activity,
larger amounts of 14C—triethylamine were used in preparing the high
radioactive precipitate.

The new batch of 14C—triethylamine had a specific activity
of 0.59 millicurie per millimole. The material (1.7 mg.) was
dissolved in 0.63 ml. distilled water and then subsequently diluted
1:50 with 0.8 M unlabeled triethylamine for preparing the working
solution. One-tenth, 0.25, 0.5, 0.75 or 1.0 ml. of this working
solution plus 0.1 ml of 4 N perchloric acid, 0.5 ml. of 0.08 M
ammonium molybdate were added to one ml. of RM9 medium containing
1000 ug, P04-P per liter. The precipitates, after being washed,
showed radioactivities ranging from 900 gom to 5700 cpm, as presented
in Figure No. 5. The highest cpm was obtained by using 0.5 ml. of
working 14C—triethylamine solution. Further increase of this solution

decreases the cpm of the precipitates.

- 14 -
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3. Calcium Electrode Method

Another method of measuring phosphate which would be
compatible with the other elements in the Gulliver package would
be with a specific ion electrode. A phosphate ion electrode is
not available; however, a calcium ion electrode Model 92-20 (Orion)
was procured. This electrode is sensitive to concentrations of

4 Mma2 x 108

calcium ion from saturated solutions down to 10
per liter). Attempts have been made to use this electrode to
measure concentrations of phosphate indirectly. This indirect and
simple method to determine orthophosphate uptake is based on the
measurement of calcium ion released from a relatively insoluble
phosphate such as Ca3 (PO4)2 as dissolved phosphate is metabolically
taken up from a saturated solution. By comparing the calcium ion
at zero-time incubation and after an interval of incubation, the
increased calcium ion should represent an equivalent amount of
orthophosphate being taken up by microorganisms.

Standard curves of calcium ion vs., millivolts are shown
in Figure No. 6. Various concentrations of calcium ion in distilled
water, M9 and M1l media were tested. The resulting curves were
parallel and nearly identical. However, attempts to correlate calcium
ion change with growth of E. coli in M9 plus Ca3(P04), CatPO, and

Ca(H2P04)zwere not very successful.

4. Enzymatic Method

A number of attempts have been made to utilize the conversion
of inorganic phosphate to ATP as a basis for determining the amount of
phosphate present in the medium before and after incubation with

microorganisms. All of the substrate and enzymes required for the
3

- 17 -
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following reaction sequences have been obtained;
3 F1 1,3-DiPGA + NADH + H'
G-3-P + NAD + Py ¢ y 1.3-Di +

E
1,3-DiPcA + ADP ¢ 2 3 3-pca tATP

where : G-3-p 1is glyceraldehyde-3-phosphate
NAD is nicotinamide adenine dinucleotide
P, IS 1norganic orthosphosphate
Ey is phosphoglyceraldehyde dehydrogenase
1,3-DiPGA s 1,3-diphosphoglyceric acid
NADH 1S reduced NAD
E, Bs 3-phosphoglyceric acid kinase

3-PGA 1s 3-phosphoglyceric acid,

The ATP read-out is via the firefly luciferin-luciferase system. As
performed in our laboratory, this system was able to detect as little
as IO'ng. of ATP. Much work has been done on the conversion of »,

to ATP. However, the results have not been very promising. The

main reason for the unsuccessful attempts is due to contamination by
inorganic phosphate in many of the reactants shown in the above equations,
For example, the inorganic phosphate in G-3-p was 30 ug, per ml;

ADbp, 0.8 pg. per ml. and 3-phosphoglyceric acid kinase, 2 ug. per ml.
In order to make this detection system useful for determining Inorganic
phosphate, the sensitivity of the assay range should be less than 1 ppm
since the rRM9 medium (See Table No,3) contains only 1 mg. per liter of
PO 4—P- Phosphate contamination In the reactants discussed above is a

drawback of the enzymatic inorganic phosphate determination method.

-]-9-
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In addition to the problem of PO, ~P contamination, the ADP component

4
also was contaminated with ATP compound. A paper chromatograph
method has demonstrated that the ADP of Sigma Chemicals Co.,
contained at least two compounds. The contaminant had R, value
close to ATP.

Attempts to establish a dose-response curve, using
various concentrations of inorganic phosphate (up to 10 ug. per
ml, P04-P) yielded only a single value indicating that the range
of inorganic phosphate wes below the concentration of the exogenous

contamination from the reactants.

B. Experimental

1. Development of Medium

a. General Aspects

As in the Gulliver project, it is necessary to use an
almost ""universal’ growth medium, i.e., a medium in which almost all
microorganisms will grow to some extent. Obviously, this "universal®
growth medium will not be optimal for all, or most, or even possibly
any of the organisms. As a starting point, some experiments were
done using media ¥9 and M1l developed previously (see Tables No. 2
and No. 3). These media are not well suited for phosphate uptake
experiments since they each contain high amounts of phosphate (1.0 g/L).
It is a well-established principle that a small difference between two
large numbers is more difficult to detect than that same difference
between two émall numbers. Thus, to detect the phosphate uptake
of a few microorganisms, it will be necessary to have a medium with

a low phosphate concentration. 1t will, of course, have to be

_20_



Table No. 2 = Composition of M9,

K, HPO), 1.0 g/L
NH), O, 0.2 g/L
MgS0), * TH,0 0.2 g/L
NaCl 0.1 g/L

Soil Extract®™  100.0 ml.

PH 7.0

Soil extract prepared by suspending 500 g. of
air-dried soil in 1300 ml, Mixture is
autoclaved for one hour, fll%ered and liquid
l0oss made up to 1000 mLl, with dIStI||ed sterile
water.

_21_

e



Table No. 3 - Composition of Ml1,

KoHPO), 1.0 g/L
KN, 0.031 g/L
MgSO), » THp0 02 g/L
NaCl 0.1 g/L
Malt Extract 0.19 g/L
Beef Extract 0.19 g/L
Yeast Extract 0.81 g/L
Ascorbic Acid 0.013 g/L
L-cystine 0,04k g/I,
Bacto-casamino Acid 0.25 g/L
Proteose peptone #3 1.25 g/L
soil Extract* 16.0 m1/L
NH), N0, 0.19 g/L
*

Same treatment as for M9,



demonstrated that the low phosphate medium will sustain metabolism
sufficiently for the experiment. As a firststep, Media M9 and M1l
were used, merely decreasing the concentrations of phosphate and adding
glucose. The latter was added as a carbohydrate source to promote
additional phosphate uptake through substrate phosphorylation. Since
growth of E. coli wes limited on such a medium, later experiments
have depended on the technique of growing the organisms on a more
optimal medium (Difco Lactose Broth), depleting phosphate reserves
by placing the cells in a phosphate-free solution, and then
transferring the cells to phosphate-low M11 or M9 €or the uptake
experiments. Obviously, it is not proposed to use this system in
the final process, but it was convenient in the preliminary experi-
ments which were required in order to establish the most sensitive
assay system.

The M11 medium was rejected for the sulfate uptake study

because the medium contained L-cystine which is strong competition

for 35804-8 in microbialmetabolism. The L-cystine is in a reduced
form, while the 3530 =S is in the oxidized form. As a general rule,

4
microorganisms preferably take up the reduced form rather than the

oxidized form of sulfur compound.

Further development on a “universal medium’ was then
concentrated and conducted on M9 medium. This medium, as can be
seen in Table No. 2, is a rather simple medium. In addition to
K, HFO, , NH,NO,, MgSO, , and NaCl the soil. extract provides trace
elements and perhaps vitamins and other organic substances which are
vital to many microbial growths. The glucose concentration as stated
above is important to phosphate uptake, but at higher concentrations

1

Bl - 23 -
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many microorganisms, especially some autotrophs, could be

suppressed.

The final version of the so called "universal medium
was derived from M9 medium. This medium is now called RM9
(revised M9 medium). The compositions of both RM9 and M9 are
listed in Table No. 4 for comparison.

The concentrations of three components which were
originally in M9 were changed to increase the detection sensitivity
for microbial activities. Potassium phosphate was reduced from
1.0 gram to 5.0 mg. (or 1.0 mg. PO4—P) per liter and MgSO4'7H20,
from 0.2 g. to 0.08 g. per liter. The phosphate and sulfate
concentrations at the reduced levels did not affect the growth
as compared with the M9 medium, but the sensitivity of detecting
the change of these compounds due to microbial activities has
significantly increased. Theoretical consideration and the
experimental basis for selecting 5.0 mg. per liter for K2 HPO4
and 0.08 g. per liter for Mgso4.m20 will be discussed later,

Glucose concentration was established at the 6.2 g. per
liter level for the following reason: The carbon content of
bacteria on the average is 50%. Assuming a medium can support the
growth of bacteria, E. coli, for example, up to 107 cells per
ml. , the total bacterial mass will be 6.7 mrg. The dry weight

1

of a single E. coli is 6.7 x 10" 3 g. (9). Therefore, the carbon

content of 107 cells will be 3.42 ug. The heterotrophic organisms

require approximately 10 parts of carbon to synthesize one part of

water-free substance, therefore, 34 pg.(3.4 x 10 pg.) of carbon

are required to produce 107 cells. Since the carbon content in

: - 24 -



Table No. 4 - Composition of revised M (rRM9)
and original M9 media.

R(REVISED) M9 ORIGINAL M9
KoHPO), 5 mg,  KpHFOQy, 1.00 g.
MgS0), * THyO 0.08 g. MgS0j, « THLO 0.20 g.
NH,), NO4 020 g. NH), NO5 020 g.
NaCl 010 g. NaCl 010 g.
Soil Extract 100 ml, Soil Extract 100 ml.
Glucose 0.2 g. Glucose 0.005 g.
Na-thioglycollate® 0.002 g. Distilled Water 900 mli.
Tris 6 g P 7.0
Distilled Water 900 mil.
PH 7.0

* Solution of 20 mg. Na-thioglycollate in 10 ml, distilled
water was prepared each week. It was added to the medium
after being heated (by a steam bath) for 10 minutes.

o
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glucose is 40%, to synthesize 107 cells per ml. medium, at least
0.085 mg. glucose per ml. is required. When RM9 contains 0.2 g.
glucose per liter, the glucose content is sufficient to support the
growth of at least 107 cells per ml. or more. This calculation
does not include organic materials from soil extract, therefore,
the microbial growth in ®R49 should be expected to reach around 108
cells per ml. Under such a low concentration of glucose, the
probability that the medium can support both heterotrophic and
faculative autotrophic growth, or possibly strict autotrophic growth,
is great.

T™wo additional components have been incorporated in
the new M9 medium. These are Na-thioglycollate and Tris. The
former is to reduce the oxidation-reduction potential in the medium
to facilitate the growth of anaerobes. At the levels of 2.0 to 10 mg.
per liter, the thioglycollate does not affect adversely the growth
of a strict aerobic organism. |If required, the amount may be
further increased. The Tris was added to increase the buffer
capacity of the medium,since the phosphate content in RM9 has been
substantially reduced from 1.0 gram to 5.0 mg. per liter. The Tris
will be able to maintain the pi at a rather stable value.

b. Phosphate Concentration in the Test Medium

The RM9 medium contains 1 mg. PO4-P per liter. The experimental
data supporting this change are given below:

In the preliminary experiment ,¥9 medium with 0.5% glucose
supplement was inogulated with E. coli and incubated at 37° C. with
duplicate flasks b!tl>th in shaking and in stationary conditions. Aliquots

|
were removed at 24 hours, filtered through a Gelman GA-6 metricel

i
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filter (0.45 p.) to remove bacteria, and after suitable dilution, the
phosphate level was determined on the filtrate. The phosphate assays
were made by the conventional ammonium molybdate-stannous chloride
method, and by non-radioactive triethylamine precipitation method. 1In
the latter case, both the precipitate and the supernatant remaining
after precipitation were assayed for phosphate level (by the
ammonium molybdate-stannous chloride method). The results are
summarized in Table No. 5. The completeness of precipitation in the
triethylamine ammonium molybdate procedure can be seen here.
To increase the sensitivity of measuring phosphate uptake,

the phosphate content of the media was decreased by decreasing the
amount of K?_HPO4 from 1.0 g/L to 0.2g/L. Using this decreased

concentration of phosphate (0.2 g. KZPLPO4 per liter of medium) , the

concentration of phosphate not assimilated in E. coli cells was measured

by the ammonium molybdate-stannous chloride procedure for several time
periods of incubation. The results are summarized in Table No. 6. In
all cases, there is a dramatic decrease in the concentration of phosphate,
indicating uptake by the cells, followed by the unexplained return toward
the original phosphate levelsnoted in Reference 4.

Cultures of E. coli and Bacillus subtilis, var. globigii (BG),

were grown for 24 hours; the E cott had approximately 8 X 1010 cells/ml.
and the BG, 4 X 10lo cells/ml., based on 0.D. After washing twice with
physiological saline, the cultures were suspended in saline and placed in
a refrigerator for two hours. Duplicate 0.5 ml. aliquots of E. cott and
0.25 ml. aliquots of BG were placed in flasks containing 25 ml. of M9

medium supplemented with 0.8% glucose and with Kg HPO, decreased to

10 mg/L. The E. coli #ave a plate count at this point of 1x 108
- 27 -~



Table No. 5 - Phosphate assay by colorimetric
and precipitation methods™,

COLORIMETRIC *PRECIPITATIONMETHOD
METHOD PRECIPITATE  SUPERNATANT

Sterile Control 217.5 mg/L 220.6 mg/L 0.6 mg/L
E. coli, shaken, 37°, 207.5 249.9 0.4

24 hours
E-. L, stationary, 37°, 232.5# 238.1 0.5

24 hours

*

Medium is M9 with a 0,5% glucose supplement.

** The precipitation method results are expressed in terms of original
solution - i.e., the precipitate is dissolved in aqueous ammonia
and then brought back to the original volume.

i This value must represent phosphate contained in the inoculum which
was released during incubation.



Table No. 6 - Phosphate uptake by E. co1i
for various periods of incu-
bation at 370,

POy~P IN MG. AR LITER

HOURS CF INCUBATION

MEDIUM* AND MODE 0 3 5 U
M9, shaking 50 4o 25 4o
M9 stationary 40 5 40 vaz}
M11, shaking &0 15 47 57
M1i1, stationary 90 10 50 Vi)
*

Note: Both media had decreased XK,HPO) (0.2 g/L instead of 1.0 g/L)
and had 0.2% glucose added as supplement.

- 29 -
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cells/ml. ,and the BG, 1.2 X 1 cells/mi.

Samples of membrane-filtered medium were assayed at the
times indicated in Table No. 7 by the ammonium molybdate-stannous
chloride method. Under these conditions, as shown in the Table,
there was very little phosphate uptake in the first five hours,
but appreciable uptake occurred in the next 19 hours.

A similar experiment was run next, but three levels
of phosphate were tested simultaneously. The respective media
assayed at 1.15, 4.45, and 12.30 mg. PO4-P per liter at O time;
these values were checked at 3, 5, 24 and 48 hours and varied only
a few percent. The results obtained with E. coli are shown in
Figure No. 7 and those with BG in Figure No. 8. The results
are qualitatively very similar: at the lowest phosphate con-
centration (1.15 mg. of PO4—P per liter), there is very little
uptake in the first five hours, but in the next 19 hours almost
all of the phosphate was removed from the medium by the microorganisms.
At the intermediate value in this series (4.45 mg. of PO, -P per liter),
phosphate uptake can be noted even in the first three hours. Another
contrast with the results obtained with the lowest phosphate medium
is the release of phosphate from the organisms back into solution
in the period between 24 and 48 hours. At the high phosphate concentra-
tion (12.30 mg. pf P04-P per liter), the results were similar to
those obtained with the intermediate level, except that both the rate
of uptake of phosphate in the early period and the rate of phosphate
release in the late period were enhanced. (The results given in

Figure No. 7 and No. 8 were obtained with 1.5 x 109 cells/ml, in

each case).

- 30 -



Table No. 7 = Phosphate uptake in M9 medium

with 10 mg/1, KpHPO), and 0.2%
glucose; ca. 10Bcells/ml.

POL,L"P IN MG. PER LITER
HOURS CF INCUBATION

__SYSTEM 0 3 5 24
Control 2.15 2.14 2.10 2.10
E coli, 1 2.00 2.21 2.00 1.3
E cali, 2 2.10 2.02 1.90 1.15
BG, 1 2.08 2.10 2.10 1.20
BG, 2 2.12 2.15 2.2 1.%0

- 31 -
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Because the phosphate uptake was nearly complete in
20 to 30 hours, when the microorganisms were growing in the low
phosphate concentration (1 mg. per liter) and no phosphate
leaching occurred with further incubation (as did occur when the
higher phosphate concentrationsof 4 or 12 mg. Po4-P per liter
were present in the medium) the lower phosphate concentration
was chosen to be the concentration in the test medium.

2. Effect of Selected Poisons on Microbial Growth
Ad Phosphate Analysis

The ideal poisons selected for the present program
should have the following features: (1) preferably a germicidal
rather than a germ static toward microbial cells; (2) no interference
with phosphate analysis; (3) no leaching of phosphate from cells;
(4) no interaction with the medium ingredients to form precipitates
and (5) preferably non-volatile compounds. Although the Bard-Parker
germicide (patented germicide produced by Bard-Parker Co.,Inc., Danbury,
Connecticut) is very effective, some of its ingredients are volatile.
So far the poisons which have been used for phosphate uptake
studies and proved to be effective are:
(1) Bard-Parker (0.3 ml. per 40 ml. media)
(@ 066 nit 2,4-dinitrophenol

(3) Seventy percent perchloric acid
(0.3 = 0.6 ml. per 40 ml)

Other poisons have also been studied, such as toluene,
phenol and 4% Ceepryn, Table No. 8 shows the result of 4% Ceepryn
and 70%perchloric acid on inhibition of B cotr and R fluorescens
growth. Although the Ceepryn is a very strong germicide, it is not
suitable to be used as ia poison for poison control samples because

-34_
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of its interaction with ammonium molybdate to form a precipitate.
Perchloric acid is a rather promising poison. It is

a strong germicide and does not interact with ingredients in RM9

to form precipitates. Growth tests have shown that a slightly

higher concentration of perchloric acid is necessary to inhibit

the growth of yeast, and Saccharomyces cerevisiae. (Table No. 9).

Results of E. coli cultures treated with various poisons are
shown in Table No. 10. Phenol at 0.01% in RM9 medium was
ineffective in inhibiting the E. coli growth and was not further
investigated.

3. Theoretical Consideration of Phosphate Uptake

The phosphate content of average bacteria is 2% and
the dry weight of 107 cells is 6.7 pg. (9). Thus the dry weight
of phosphorus in the 107 cells will be 0.134 ug. The RM9 contains
5 mg. KZHPO4 per liter or approximately 1 mg. PO4-P per liter.
This value is equivalent to 1000 pg- per liter or 1ug. per ml.
Since 107 cells required 0.134 ug. of PO4-P to grow, 1mg.
PO4-P per liter is sufficient to support the growth of more than

107 cells per ml. of medium.

4. Pure Culture Studies

a. M9 Medium

@) Effect of Aeration Oh Phosphate Uptake

In order to test the possibility of increasing phosphate

uptake, the microorganism, -Serratia marcescens in 40 ml. test medium

with various concentrations of phosphate, was aerated during incubation

at 372 C. Plate counts showed that: there were 4.8 x 109 cells/ml. As

2
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Table No. 9 - Inhibitory effect of Bard-Parker and 70% perchloric
acid on Saccharomyces Cerevisiae.

CELL DENSITY (NO./ML)

SAMPLE _OTIME 24 HORS
S. cerevisiae in 40 wi. RMO 375 x 104 50 x 10%
S. cerevisiae in RM9 + 0,3 ml. BP 3.75 x 104 0

S. cerevisiae in ru9 + 0.6 mi. BP 3.75 ® 104 100

S. cerevisiae in RM9 + 0.3 ml. perchloric acid* 375 x 10" 1.5 x 103
S.. cerevisiae in rM9 + 0.6 ml. perchloric acid* 3.75 % 104

S. cerevisiae in RM9 + 1.0 ml. perchloric acid"" 3.75 x 104

* 0.3 ml. 70% perchloric acid = 0.525%
0.6 mi., 70% perchloric acid = 1.05%
1.0 ml. T0% perchloric acid = 1.75%
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shown in Figure No. 9, the results are quite similar to those obtained
with the other organisms (see Figures No. 7 and No. 8). The phosphate
at 1 mg. per liter was exhausted in 24 hours.

When phosphate uptake was determined for Aerobacter aerogenes,

a smaller number of cells (2.3 X 106 cells /ml.) were used. The flasks
were aerated by passing in air through gas diffusion tubes. The results
obtained are summarized in Table No. 11. The zero time reading for the
higher phosphate concentration seems dubious, but one can still see the
usual pattern: slight or no phosphate uptake for the first few hours and
then appreciable uptake by the end of 24 hours, with essentially all of the
phosphate removed from low phosphate medium.

(2) Effect of Small Inoculum and Aeration On
Phosphate Uptake

To increase sensitivity even further, phosphate uptake was
measured when even fewer cells were present. S. marcescens was treated at
a level of 2.7 X 106 cells/ml. and A. aerogenes was tested at a level of
4 x 105 cells/ml. The results are summarized in Table No. 12. The pattern
is fairly consistent with previous results, particularly with regard to the
return of phosphate to the medium in the 24- to 48-hour period, but there
is more phosphate uptake tpan previowly observed. It does not seem reason-
able to attribute this to the decreased number of cells used in this experi-
ment. It seems more likely that this resulted from an increased aeration

rate. Another interesting observation is that the uptake was essentially

independent of initial phosphate concentration in the medium.
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Table No. 11 - Phosphate uptake by A. aerogenes in M9 medium
with 0.2% glucose and two concentrations of
phosphate.

POL-P MG. PER LITER
SYSTEM 0 3 5 24
hr. hr. hr, hr,

2.0 mg. Poh-P/L 1.32 127 075 o0.07

5.0 mg. PO),-P/L, 3.67 k4,22 L,17  1.h0

S



Table No. 12 - Phosphate uptake by A, aerg-epss (4 X 10° cells/ml)
and S. marcescens (# X‘r&ms/ml);,

P0),-P MG, PR LITER

SYSTEM 0 3 . 27 48
hr. hr, hr. hr, hr,
A. serogenes
— k.75 mg. POy -P/L k.30 415  4.00 165 287
A, aerogenes
14,30 mg. POh—P/L 13.90 13,30 1265 11.70 13.60
imarcescens
4.75 mg. PO -P/L 4.87 4.30 4.15 2,72 2.80
S. marcescens
14.30 mg. P0),-P/L 14.30 13,50 13.00 1175 13.k0
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Using the increased aeration rate, low numbers of E. &Ii
(5.0 x 10t cells/ml.) and A. aerogenes (4.9 X 10° cells/ml.) were tested
for phosphate uptake. The results are given in Table No. 13. These
lower numbers of cells give good phosphate uptake within 24 hours. At
either 1.30 mg. of PO4-P per liter or 0.57 mg. of PO4-P per liter there is
essentially total uptake.

In the next experiment, even lower numbers of cells (ca.
1.3 X LO2 cells /ml) were tested for their ability to take up phosphate
from a low phosphate medium. As can be seen from the results in Table
No. 14, even these few cells assimilated detectable amounts of phosphate.
"he early uptake (at five hours) seems to contradict some of the previous
results. It is believed that this may have resulted from the fact that
those cells used were still in the logarithmic phase of growth, whereas

the previous cells were in the lag phase at zero time.

(3) Addition of Various Substrates to Medium on Rate
of Phosphate Uptake

A culture of E. coli grown at 24 hours was treated in a fashion
similar to that described in the last section except that glucose was sub-
stituted by formate, lactate, or glycine (all at 0.2%). The results are
shown in Figure No. 10. The initial uptake of phosphate was almost as good
in the absence of substrate as with the addition of substrate. Presumably,
this indicates that there was sufficient substrate remaining in the cells
to allow metabolism to proceed for a few hours. However, the uptake in a

24-hour period was enhanced when either D-glucose or lactate was added.

fe
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Table No.

SYSTEM

e

E.

A

A

coll
0.57 mg. P0O)-P/L,

coli
1.30 mg. POA—P/L

aerogenes
057 mg. POA—P/L

aerogenes
1.30 mg. Poh-P/L

13 - Phosphate uptake by
and A. aerogenes (4.

5.2

(5.0 X 104 cells/ml)
cells/ml).

POy~P MG. PER LITER

HOURS

0 3 5 24 43
0.h45 0.25 0.58 0.02 0.00
1.15 0.99 1.13  0.00 0.02

0.54 0.16 0.16 0.00 0,00
1.17 1,00 0,95 0.00 002
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Table No. 14 - Phosphate uptake by E_

] S. marceseens

and A_ aerogenes fram low phosphate mediun:

SYSTEM

PO),-P MG. PER LITER

Control

E- cold
1.17 X LO2 cells/ml

S marcesceng

1.30 x 10 cells/ml

A, aercgenes
1.12 x 10° cells/ml

HOURS
[0) 3 o 24
0.70 - - 0.0
0.2 0B 0.37 0.20
0,66 0.59 0.17 0.10
o0& o0.61 047 o042
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Two other parameters were checked in the course of this experi-
ment: (1) pH of filtrates and (2) plate counts after 24 hours of growth
in the various supplemented media. The pH results are given in Table No. 15.
They agree with the phosphate uptake results in showing that the glucose and
lactate-supplemented systems had the greatest amount of metabolic activity.
The plate counts were not quite consistent with this, however. At the start
of the experiment each system had 6.1 X 104 cells/ml. After 24 hours, the
lactate system had more cells (5.2 X 108 cells/ml.) than any other system
and the other supplemented media cultures contained approximately equal cell

7; formate = 2.5 X 107

populations (glucose = 7.0 X 107; glycine = 5.0 x 10
cells/ml.). Of course, metabolic activity and reproduction of cells are far
from equivalent.

This type of experiment was repeated using a lesser number of cells

at the start (2 X 103 E. eet per ml.).. As seen in Figure No. 11, the glu-

cose-supplemented medium shows good phosphate uptake, even at five hours.

4 Age of Inoculum and Phosphate Uptake

An E. cott cell suspension was inoculated into 40 ml. of low-phos-
phate (1 mg. PO,-P per liter) M9 medium containing 0.2% glucose. After 21
hours of incubation, a portion of the culture was transferred to fresh, low-
phosphate medium to initiate a second culture. Three hours later, the first
culture became 24 hours old (stationary phase) and its subculture became three
hours old (lag phase). The cell density in each culture was roughly determined
from an OD. curve. One ml. (approximately 3.5 X 108 cells) of the 24-hour cul-

ture and 1.0 ml. (approximately 1 x 108 cell) of the three-hour culture were



Table No. 15 - The pH of filtrates of E_ cali grown in M3 medium
with Img. of POA—P/L and various supplements*.

HOURS

SYSTEM 0 3 5 2
M9 (medium only) 6.9 . - 6.9
M9 with E. coli 7.0 6.9 65 6.9
MD + glucose (medium only) 7.0 - _ 74
M9 + glucose with E~ coli 73 6.9 69 50
M9 + formate (medium only) 74 - - 74
M9 + formate with E— coli 7.1 7.2 66 7.0
M9 + lactate (medium only) 7.2 - - 79
M9 + lactate with E- coli 75 74 7.1 6.0
M9 + glycine (medium only) 72 - _ 72
M9 + glycine with E— coli 72 7.1 6.7 13
*

A1l supplements are at 0.2%.
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centrifuged. The 24-hour cells were washed three times with sterile
saline solution, resuspended in saline and serially diluted to prepare
0.1 ml. aliquots containing approximately 1.6 X 106, 1.6 X 105, and
1.6 X 104 cells. These aliquots were inoculated into 40 ml. portions

4 2

of low-phosphate M9 medium to give 4 X 107, 4 X 103, and 4 x 10~ cells

per ml., respectively. One-tenth ml. aliquots of the three-hour
inoculum containing 1Xx 106, 1x 105,and 1x 104 were similarly

inoculated into 40 ml. low-phosphate 9 medium to yield 2 X 104 ,

2 X 103, and 2 x 302 cells per ml., respectively. All cultures

were prepared in duplicate. Duplicate controls containing 4 X 104

cells per ml., in the case of the 24-hour culture, and 2 X 104 cells,

in the case of the three-hour culture, were treated with 2,4-dinitrophenol
(DNP) at 0.66 mM. Al the cultures were aerated at a rate of 92 ml.

per minute while incubating at 37° c.  Actual cell counts were

determined by Tryptic Soy Agar (TSA) plates made from aliquots of the
inocula.

Aliquots from each incubating culture were taken at 0 time,
five hours, and 24 hours. They were filtered by membrane filter and
the filtrate was assayed for dissolved orthophosphate. TSA counts
were made at 0 time, and at 24 hours. The results are shown in
Figure No. 12. In all cases, except the controls, phosphate uptake
was demonstrated in five hours, the earliestsampling after time O.

Phosphate uptake was always higher in the physiologically
younger cultures. In both the three-hour and 24-hour inocula cultures,
the greatest phosphate uptake consistently occurred in cultures of

smallest inoculum. Since both types of cultures attained cell numbers

3
<
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of 108 per ml., more cell mass had been produced from the lower
inocula which, hence, required more phosphate. The lesser
phosphate uptake shown by the DNP-treated cultures was the
result of uncoupling of oxidative phosphorylation, demonstrating
that the uptake was biological in nature. The small amounts of
phosphate taken up by these cultures can probably be ascribed to
substrate phosphorylation by the inhibited cells.

To compare phosphate uptake between the aerated and
stationary cultures under the influence of age of the inoculum,

E eoH was studied again under an experimental design similar

to that described above. However, this time all the cultures

were incubated in a static condition at 37° C. Bard-Parker (BP)
was used in the controls (3.0 ml. BP +37.0 ml. M9 medium). Under
these conditions, clearly demonstrable phosphate uptake occurred
between the five- and 24-hour samplings. Details are given in
Figure No. 13.

The age of the inoculum did not influence phosphate uptake
as it did in the case of the aerated cultures. Contrary to the
observations on aerated cultures, phosphate uptake varied directly
with size of inoculum.

The inoculated controls poisoned with BP showed no uptake
of phosphate. Instead, their dissolved phosphate levels were
consistently higher than those of the sterile controls, demonstrating
that phosphate leaked out from the poisoned cells almost immediately.
This, even more forcefully than the DNP, showed the biological nature

of the uptake.
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(5) Preadaptation of Cell Inoculum and Phosphate Uptake

To prepare inocula for the test, a stock culture of

B, fluorescens was transferred to M9 medium and also to Tryptic
Soy Broth (TSB). After 48 hours, fnocula from each media were
prepared and adjusted to 7 X 107 cells per ml. for T8SB inoculum
and 8.2 Xx 107 cells per ml. for M9 inoculum. One ml. each was
added to 40 ml. of medium. Glucose concentrations were 0.002,
0.02 and 0.2% for each inoculum culture. As a control, 1.0 m1l, of
Bard-Parker germicide was added to 40 m1. of each medium. The
results are shown in Figure No. 14. The inocula preadapted in
different media did not affect the pattern of phosphate uptake.

In fact, there was very little difference between them. Glucose
at 0.02% and 0.2% appeared to be beneficial for phosphate uptake
but for 0.002% glucose, there was very little phosphate uptake
despite the fact that there was evidence of growth in the culture.

(6) Phosphate Uptake by Anaerobes

Attempts to grow anaerobes, Clostridium sporogenes and
€Y. tetammorphum, in either M9 or M1l with reduced phosphate
concentrations, were not successful. Anaerobic conditions were
produced by several standard techniques, several levels of phosphate
were tested, etc. However, when thioglycollate was added to the M1l
it was possible not only to demonstrate growth of the organism, but
it was also possible to demonstrate phosphate uptake (see Figure No. 15).
Plate counts have shown that Cl. sporogenes was inoculated at 2.8 X LO6

cell/ml, and increased to 1.8 x 108 cells/ml. after 24 hours; the

corresponding values for €1. tetanmorphum were 4.8 x 106 and 2.8 x 108

cells/ml. , respectively.
- 53 -
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A further test wes made on Ll, tetanmorphum by growing it in

M9 plus thioglycollate. Cl., tetanmorphum was subcultured from cooked

meat medium into low-phosphate (1.0 mg. PO4-P per liter) M9 containing
0.2% glucose and 0.01% Na-thioglycollate (M9-TG) under anaerobic condi-
tions obtained by flushing with N2 gas 10 minutes before and after inocu-
lation. The gas lines were closed afterward to prevent diffusion of
oxygen into the culture medium. A 24-hour culture containing approximately
5 X lO7 cells per ml. was washed and serially diluted with M3<~TG.” One-
tenth ml. aliquot of the diluted culture wes added to 40 ml. M9-TG medium
to obtain approximate cell concentrations of 1X 104, 1Xx 103, and 1x 102
per ml., and anaerobiosis was reestablished. Since this anaerobic organism
is slower growing than E. coli, the 24-hour culture was used as the "‘young
inoculum.!"  The parent culture served as the '"old inoculum™ after 48 hours.

The approximate density of the 48-hour inoculum was 9 x 108 cells per ml.
3

Zero time cell numbers in 40 ml. M9-TG were 1X 14,1 X 107, and 1Xx 102
per ml. for both inocula. The results are shown in Figure No. 16.
Phosphate uptake wes noticed at five-hour incubation from cul-
tures of 24-hours inoculum. The corresponding cultures from 48-hours ino-
culum did not show any phosphate uptake. No final cell counts were made
and it is possible that the cells died. The fact that phosphate leakage
varied directly with size of the inoculum indicates this was the case. The
pattern of phosphate uptake in the 24-hour inocula cultures followed the
aerated E. &4 culture, the greatest uptake being exerted by the culture

derived from the smallest inoculum.
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The mode of action of Bard-Parker poison on anaerobic

€1l. tetanomorphum seems to be different from that operating on the

facultative E, coli. No clear pattern of phosphate leakage was
observed in the former species.
b. M9 Medium

(1) Phosphate Uptake by Conventional Methods

The formula for RM9 medium is shown in Table No. 4. This
is a revised M9 medium which contains ingredients for both aerobic
as well as anaerobic growth.

Both aerobic P. fluorescens and E. coli inocula were

grown on Tryptic Soy Broth overnight at 300 c. ©One-tenth ml. of

washed inoculum of each microorganism was added to 40 ml. of medium
to give 1.3 X 104 and 3.7 x 10 cells per ml. of medium for the
respective cultures. Experimental conditions and results are shown
in Table No. 16. The medium did support growth, and phosphate uptake
wes evident for both cultures. The aerobic P. fluorescens took up

a considerable amount of phosphate even without aeration. E. coli
exhausted the phosphate in 24 hours. It was noted, however, that the
phosphate was higher in five hours than in zero-hour cultures for
both organisms, including the medium control. The reason was
attributed to possible contamination of exogenous organic phosphate
compounds from soil extract which, when decomposed and released during
the incubation or storage, increased the phosphate content in the
media. The five-hour filtrate was generally stored at 5° c. overnight
in the presence of chloroform because the analysis was generally due

at the end of a working day. This may have provided conditions for

e
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releasing phosphate from the organic compounds. The 24-hour

filtrate from medium control, although not refrigerated, still
contained phosphate higher than in the zero-hour sample. This
probably was due to prolonged incubation. To prove that incubation
time may affect the release of phosphate from a control medium,

three sets of duplicate samples were prepared and incubated at

25° C., 37° C, and 50° C., respectively. Phosphate analysis

was made at O, 5, and 24 hours. The results are shown in Table No. 17.

The highest phosphate was in the five-hour samples and lower in

the 24-hour samples.

(2) Phosphate Uptake by Conventional and Radioisotope
Analyses

All the phosphate analyses reported thus far in the
uptake study were done solely by the conventional ammonium molybdate
stannous chloride method. An attempt to use 14C—triethylamine method
is now reported. This method could permit a single photomultiplier
tube to be employed to detect microbial activities in phosphate uptake,
sulfate uptake, and ATP production.

E cott and P. fluorescens previously grown on Tryptic Soy
Broth were washed, resuspended in saline, and inoculated into 40 ml.
RM9 medium to yield cell densities of 1.5 x 104 and 5.0 X 103 per ml.,
respectively. Additional & coH cultures .plus Hg,C‘L2 poison and a
medium control were included for studies on phosphate uptake. Table
No. 18 shows the results of this experiment. The initial and final
phosphate concentrations in mg. per liter for E. coli, P. fluorescens,
poisoned E. coli, and medium control were, respectively, 0.93 and

0.02; 0.89 and 0.66; 1.25 and 1.11; and 0.92 and 1.00. Uptake is

) =60 -



Table No. 17 = Effect of time and temperature on orthophosphate

analysis in RM9 control medium.

TEMPER-
ATURE ~ SAMPLE
[0}
¥ C.
25 1
2
37 1
2
50 1
2

0 HOUR 5 HOUR 24 HOUR
AVER - AVER - AVER -
PO),-P MG/L  AGED POL-P MG/L  AGED PO, -P MG/L  AGED
0.90 058 1.03 : 1.00
. 1,03 0.
0.86 1.03 0.95 !
0.88 1.03 0.96
0.88 1.03 0.99
0.88 1.03 1.e
0.86 087 1.6 1.03
. 1% 1.2
0.88 1.® 1.2
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shown only in non-poisoned cultures. The 14C-triethylamine method,
expressed in ecpm, was parallel with the conventional method.

5. Mixed Culture Studies

Tre P. fluorescens and C1. tetanomorphum were grown

separately on Tryptic Soy Broth and Fluid Thioglycollate Media,
respectively. They were washed and resuspended in saline. Individual
pure cultures and a mix of both cultures of 1:1 (by volume) were
inoculated into 40 m1, of ®M9 media. Initial cell densities and

the results of phosphate uptake are shown in Table No. 19.

Both pure and mixed cultures. were grawn at 26° C. under
static conditions. The mixed culture had the highest uptake and
the Pseudomonas culture waes next. No.uptake was observed in the
pure Clostridium culture. The viable cell number of this culture,
in fact, dropped from an initial 1X 105 per ml. to a final
23 X 104 per ml. This indicates that some of the cells might have
died during the incubation. The Clostridium number in the mixed
culture, however, increased twofold within 24 hours.

6. Soil Sample Studies

a. Interference Problems

The cdbjection of using soil suspension as direct inoculum
to add to a testing medium for ATP production and for phosphate and
sulfate uptake is that some soils are capable of taking up phosphate
and sulfate by their anion exchange capacity and thus may cause a false
positive result. Furthermore, the soil particles retained along with
the microbial cells by a membrane filter may adsorb the radiation given

off from radioactive sulfate in the cells. This would reduce the
sensitivity for detecting sulfate uptake. To show whether the uptake

3
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of the nutrients by soils does occur, phosphate analyses were made

in RM9 medium (1.0 mg. P04-P per liter) to which various amounts

of soil suspension had been added. Table No. 20 shows the

results. The residual phosphate in solution was inversely

related to the amount of soil suspension added, indicating an uptake

of phosphate by soil particles. There was even lower phosphate after
longer contact with the soil. To lessen this adsorption problem,

the cell inoculum extracted from a soil sample should not be contaminated
with large amounts of soil particles. To accomplish this, various
filter systems were selected and tested for their capability to

retain soil particles while permitting microbial cells to pass

through. Ten grams of air-dried soil were extracted with 50 ml.

sterile saline and 10-ml.aliquots were filtered through the testing
filters. The respective filtrate samples and an untreated control
sample were analyzed for microbial count on Nutrient Agar. The result
is shown in Table No. 21. The number of microbial cells in the original
soil waes 4.9 x 105 per gram. The best filter system, from the stand-
point of microbial filterability, was the Millipore filter pad and

the poorest one was the fritted glass filter having "M" pore size.

b. Unfiltered Soil Samples as Inocula

The untreated soil suspension and each filtrate were then
added to the RM9 medium at a ratio of 1:100, 5:100, and 10:100 to
evaluate the non-metabolic adsorption of the phosphate by the tested
samples. mediately after mixing and after standing for three hours,
the medium was filtered again through an ultrafine, fritted glass filter
and the remaining phosphate in the filtrate was analyzed. The result is

shown is Table No. 22. In spite of previous filtration, all the samples

3
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Table No. 20 - Phosphate uptake by soil particles.

PHOSPHATE ANALYSES (MG. PER LITER)

CORRECTION AT O MINUTE AT 45 MINUTES

SYSTEM FACTOR ON ACTUAL  CORRECTED ACTUAL  CORRECTED
SOl SUSPENSION"" 4+ RMQ DILUTION VALUE VALUE VALUE VALUE
0O ml, + 10 ml. 1.00 0.g0 0.9 0.0 0.90
0.1 ml, + 99 m1, 1.01 0,98 0.2 0Aa 05
05 mi, + 95 m1, 1.05 0.8 05 0.75 0.°
10mi, + 9.0 ml. 111 0.60 0.67 055 0.61

Soil suspension consists of 13 grams lateritic soil plus 100ml, sterile saline.



Table No. 21 - Microbial count in soil suspension and soil filtrates*.

SYSTEMS MICROBIAL COUNT
per ml,

1. Untreated 97 x 10k
2. Whatman No. 1

filter paper 35 x 103
3. Lens paper

(20 Layers) 2.5 x 103
4. Millipore filter pad 1 x 10

5. Fritted glass filter
(M) 1 x 103

Soil suspension was prepared by mixing 10 g.
air-dried lateritic soil with 50 ml, sterile
saline. Ten-ml, aliquots were filtered for
preparing filtrate .

fo
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showed some degree of phosphate adsorption. With the exception of the
1:100 ratio of unfiltered sample, the phosphate adsorption in other
samples was time-dependent. This indicated that perhaps the clay
fraction having sizes of less than 2 u.had come through all the
filter systems and thus participated in phosphate adsorption and
so decreased the soluble phosphate in the medium. Based upon present
data, it seems that the best inoculum sample from field soil should
be the unfiltered 1:5 soil suspension, which, when added to R49 medium
as inoculum, should be applied at 1:100 ratio. This experiment clearly
demonstrated that the filter systems suggested above for removal of
soil particles are not necessary as long as the unfiltered soil
suspension is added to the medium at a 1:100 ratio., Unnecessary
loss of cells by the filtration can thus be avoided.

C. pExperiment

Two representative soils, silty clay loam and lateritic
clay soils, were selected to provide inocula for these tests. The
former represents rich loam soil; the latter, poor clay soil.

For the preparation of the inoculum, a 10 g. fresh air-dried
soil sample was added to 50 ml. of sterile saline solution. The
suspension was stirred with a magnetic stirrer for 10 minutes,
and then allowed to sit for five minutes to permit large soil particles
to settle. The supernatant was used as the inoculum. From the
inoculum, 0.4, 1.0, and 2.0 ml. aliquots were added to 39.6, 39.0,
and 38.0,ml., respectively, of R49 medium. A similar setup for poison
control was also included. A1l the cultures were incubated

statically at 26° c., and analyses for ATP and, phosphate were made at

0 time and after 24 hours incubation. Cell number was estimated by
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spread plate method, using Tryptic Soy Agar medium. The results
for the silty clay loam soil are shown in Table No. 23.

The phosphate uptake was distinctly shown in experimental
cultures where uptake was almost complete in the highest inoculum
within 24-hour incubation. "here was a positive relationship
between both the initial and final cell density and the phosphate
uptake after 24-hour incubation. The slight changes in phosphate
concentration in both poison controls and media control were probably
due to experimental variation.

Similar analyses using the lateritic clay soil sample
as the inoculum are shown in Table No. 24. The soil suspension
was prepared by mixing 10 g. air-dried soil with 50 ml. sterile
saline as described above.

Phosphate analysis also indicated the presence of microbial
activities in the experimental cultures. The highest inoculated culture
decreased the phosphate from 0.90 at O hour to 0.22 mg per liter at
the 24-hour incubation. Very little phosphate change was observed
in the poison and medium control samples. N adsorption of PO, -P by
soil particles was apparent.

By comparing the results of experimental and poison controls
for phosphate assay systems, both soils clearly demonstrated the
feasibility of providing adequate inocula for detecting microbial

growth in R¥9 medium.
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11T, METABOLIC UPTAKE OF SULFATE

Sulfur is essential in terrestrial biochemistry. Its
ability to function as an analogue of phosphorus in the formation
of high energy bonds adds strongly to its potential use in an
alien biochemistry. Hence, the sulfate uptake experiment offers an
attractive method to monitor the metabolism of either type of life.

Sulfate is generally taken up by microorganisms and then
converted to sulfur-containing amino acids such as cystine,
cysteine or methionine (11). Some anaerobic microorganisms such

as Desulfovibrio however, reduce 804-8 to adenosine 5'-phosphosulfate

(aps). The end product of this reduction generally results in formation
of HZS (12). This group of microorganisms is anaerobic and tolerate
extreme terrestrial conditions of heat, cold, salinity and pressure.
Therefore, in exploring the area of exobiology, this group of
organisms is worth investigating.

Regardless of the metabolic pathway of sulfate in
terrestrial or extraterrestrial microorganisms, if it is utilized,
it must be taken up from the environment. Accordingly, if a system
can be devised to monitor the accumulation of radioactivity in cells,
the use of 358 offerg a ready means for such monitoring. Unlike
32P, the 355 isotope has a half-life sufficiently long to permit its

use in a planetary experiment.

A. Analytical Method

Isotopically labeled sulfur in the form of sulfuric acid as
received from New England Nuclear Corporation wes carrier-free and

had an activity of 50 millicuries (mc) per ml. A volume of 0.05 ml.
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wes diluted to 100 ml. with sterile distilled water. This is called
the stock solution. Unless otherwise specified, 0.4 ml. of stock
58

solution was added to 40 ml. RM9 medium to make RM9-3 o, for

4
sulfate uptake studies.

The inoculum was washed, transferred to 40 ml of a
medium containing 35504-8 and incubated. After various lengkhs
of incubation intervals, one-ml. aliquots of the culture were
removed, filtered through 0.45 m., HA membrane filter and rinsed
with 2 ml. of sterile saline to remove intetstitial 35504-8.

The cells on the membrane were then dried under an infrared lamp
for at least 15 minutes and their radioactivity measured by a
Nuclear Chicago D-47 gas-flow counter.

Labeled sulfur in thioglycollic acid was also tested
for the sulfur uptake study. This compound waes found to be necessary
for growing anaerobes and is one of the ingredients in the RM9 medium.
The compound when received from New England Nuclear Corporation, had
a specific activity of 1.0 mc. per nM. A total volume of 0.064 ml.
wes diluted 1:1000 withcsterile:distilled water. One m1. of the diluted
solutien-was added to 39 ml. of M9 medium. Sulfur uptake followed the
35804—8 uptake method.

Radioactive sulfur has a half-life of 87.1 days. In eight
month's time the radioactivity will be reduced to about 19%of the
original activity. Therefore, a 50 mc. solution will have 9.5 mc.
after an eight-month period. The decrease, however, will not

invalidate the proposed sulfate uptake technique for the mission of

life detection on Mars.
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B. Experimental

1. Development of Medium

As discussed above, (Section 11,B, 1), the M9 medium
wes initially used for testing sulfate uptake as it was for the
phosphate uptake study. However, since the Mgso4 in M9 medium was
rather high (0.2 g. per liter), the non-labeled sulfate ion could

dilute the 35804-3 and cause less pronounced results of 3550 ]

4
uptake. To remedy this, Mg804'7H20 was reduced to 0.08 g. per
liter.. The RM9(Table 4) wes finally adopted also for sulfate
uptake studies. This medium has been proven as good for sulfate
uptake as for phosphate uptake studies.

2. Poison
The poisons for sulfate uptake studies were Bard-Parker,

4% HgCl, solution and 70%perchloric acid solution. From three-tenths

2
to 1ml. poison solution per 40 ml. medium have proved to be quite
effective.

3. Theoretical Consideration of Sulfate Uptake

The sulfur content of average bacteria is 10 mg. per one
gram dry cell weight, or o Since the dry weight of 107 cells is
approximately 6.7 ug. (9), the sulfur content in 10’ cells will be
0.067 ug. The RM9 medium contains 0.08 gram of MgSO4.7H20 per liter or
10 mg. SO4-S per liter. This value is equivalent to 10 ug. per ml,
To grow 107 cells in one ml. , requires only 0.067 ug. of SO4-S, therefore
10 pg. 804-3 per ml. is sufficient to support the growth of more than

107 cells per ml, of microorganisms.



4_ Pure Culture Studies

a. M9 or Modified M9 Medium

(1) Sulfate Uptake at 37° ¢. Static Conditions

Radioactive sulfur was supplied in sulfate form for
this uptake study. The activity level was adjusted to approximately
6 x 104 cpm per ml. of the culture.

The experimental arrangements and results on uptake by
P, fluorescens and E. coli are shown in Table No. 25. Inocula
of each organism were grown in M9 (1.0 mg. P04-P per liter).plus
0-2 glucose. The test medium was composed of 1.8 mg. per liter
of Na-thioglycollate in addition to the ingredients of M9 medium.
Uptake by each species was indicated immediately upon exposure, but
was established with certainty by the third hour.. Despite higher
initial cell density in the testing media for B. fluorescens than for
E cotr, the uptake by the latter was slightly higher than the former.

The M9 medium was further modified by reducing sulfate
concentration (I\/IgSO4-7H20) from 0.2 g. to 0.004 g. per liter. With
the presence of 35304-8 the medium was initially monitored at
2 X 104 cpm per ml. An estimated 5 X 104 cells/ml, of E coli were
inoculated into 40 ml. of M9 medium containing 0.125% glucose. The
medium thus modified is referred to as M9TG. Control cultures were
treated with Bard-Parker germicide. The complete experimental design
and results are shown in Table No. 26. The cultures were incubated
statically at 37O C, and, at the designated times, one-ml. samples
were filtered, washed with 25 ml, of saline solution, and the filters
and cells dried and counted. The results showed a rapid, but low level
initial uptake of sulfate in the unpoisoned cultures (see Table No. ).
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Table No. 25 - 35801;-8 uptake by aerobic Pseudomonas fluoresecens
and facultative anaerobic Escherichia coll
under static condition at 37° C.

INITIAL CELL
DENSITY FER ML, M G- FILIER

TR RNGEE  memsewewed (B gy OF FITER Poos,ces

P._ fluorescens 5 x 16" 12 10 23 108 1182

E—- coli 3 X 104 12 10 34 139 15kl

Modified M9: per liter: K,HPOy, 5.0 mg.; NH NO ., 0.2 g.; MgSQ,°*TH,0, 0.0039 g;
NaCl, 0.1 g.; gorlhéxtract, 100 Anl. 3per 900 mly 1ug%s<’a, 1.25 g
Na-thioglycollate, 040018 g
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Table No. 2 - 3580’1;8 uptake by E~ coli under 37° C.
static,condition, Initial cell density,
5 X 104 per ml,

(mThR&E%TﬂTUM) CH\/Il_lzg E"é_TLEsR CPM CF FILTERS PLUS CELLS

0 hr. Ohr, 3 hbr, 5hr. 24 hr,

1. M9 9 29 52 70 3000
2, MO+ 01 m. BP 9 32 13 24 7
3. M9 + 3,0 ml, B-P 6 38 T 7 15
L, M9TG 7 35 38 30 LoL
5. MYTG + O ml. B-P 4 20 24 3 1
6. MgTG + 3.0 ml. BP 3 21 3 V%] 19

M9: per liter: KXpHPO), 5.0 mg.; NHLNOz, 0.2 g.; MgS0y, * TH,0, 0.00k4 g.;
NaCl, 0.1 g.; soil extract, 100 ml;" glucose, 1.25 g.

MOTG: M9 medium plus O.1% Na-thioglycollate

B-P. Bard-Parker germicide
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The uptake increased materially sometime after the fifth hour.
There was Iess35SQ4~S uptake in the M9TG medium than in the M9,
This was apparently because E. coli prefers thioglycollate=S
to 804-8. The poisoned cultures showed lower count levels than

the unpoisoned ones at all time intervals and the difference

became unequivocal sometime after the fifth hour.

(2) Sulfate Uptake at Room Temperature; Aerated Condition

35

A further test was made on uptake of ““S0,~S by P, fluorescens

4

under room temperature and aerated condition (20 ml. per minute per

40 ml. culture), with and without Na-thioglycollate and with different
glucose levels to verify previous results and also to investigate
possible antagonism of Na-thioglycollate to 35504-8 uptake, Table

No. 27 shows the results. Na-thioglycollate did decrease the 35504-8
uptake. There were approximately three times more sulfate uptake at

24 hours without thioglycollate than with thioglycollate. The glucose
concentration played an important role in increasing sulfur uptake as
was also shown in the phosphate uptake study. Highest uptake was shown
in the culture containing the highest glucose concentration. This

is consistent in cultures both with and without thioglycollate. The
uptake of radioactive sulfur by the poisoned cultures probably reflected
the irreversible adsorption of the 35504-8 by dead cells because the

plate count did not show any growth #n these cultures.

(3) Sulfate Uptake of an Anaerobe Under Static and
EZ Agitation

A similar study using M9TG medium was run on Cl. tetanomorphum,

with the objective of learning the effect of glucose concentration

on sulfate uptake of this anaerobic organism. The experimental design

¢ - 79 -



Table No. 27 =
TREATMENTS
1 M + 0.2% glucose
2. M + 0,02% glucose
3. M + 0.002% glucose
4. M9 + 0.2% glucose
+ 1.0 ml, B-P
5. MOTG + O.2% glucose

6. MOTG
7. MITG

8. M9TG

M9: per liter: '
soil extract 1

MgTG:

+ 0.02% glucose
+ 0.002% glucose

+ 0.2% glucose
+ 1.0 mi, BP

B-P: Bard-Parker.

HPO,

0

MD medium plus O.1% Ma-thioglycollate.

35

50), -8 uptake of Pseudomonas fluorescens
under room temperdfure aerobic condition.

at different glucose concentrations with

and without th(ﬁglycollate

density, per mil

f 4bnni'aéu(ifdlje

PLATE GOUNTS

AT
2k HR,

- 80 -

CPM OF FILTER M OF FILTER
LESS CELLS _ PLUS CELLS
Qhr 24 hr, Ohr. 3 hr., 24 hr,
28 30 78 231 2591
>0 30 A 124 635
27 32 & 100 48
33 b1 ) 8 91
33 27 38 317 778
9 22 A 112 520
37 32 o 2 265
33 35 89 39 106
5.0 mg; NH,NO_, 0.2 g; MgS0), = TH,0, 0.08 g.;

ml,
1x 16°

78 x 10l
54 x 107

0)

17 x 18
89 x 10'
7.6 x 107

0]

Nacl, 0.1 g.
(per 900 ml.); glucose concentratfon at indicated concentratlon.
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and the results are summarized in Table No. 28. In these tests, the
concentration of glucose was varied (0.2%, 0.02% and 0.002%) and
the concentration of ordinary sulfate (MgSO4-7H20) wes reduced
from 0.2 g. per liter to 0.08 g. per liter. The amount of
Na-thioglycollate added wes 1.0 g. per liter of medium. One culture
was poisoned with Bard-Parker germicide as a control. The results
showed that, even at the lowest concentration, glucose was not
limiting until after the third hour, and that it did not become
limiting in proportion to its concentration.

One additional group of tests was run to determine if

agitation will increase sulfate uptake by cultures of CL. tetanmorphum.

The experimental design and results of these tests are shown in Table

No. 29. Cultures were grown in M9T¢ and in M9 with various concentrations
of glucose. In both cases, the Concentration of stable sulfate ions

was decreased to foster increased uptake of 35304--8. All the cultures
were agitated with N2 gas bubbled at a rate of 20 ml. of gas per min.

per 40 ml, of medium. There was no appreciable difference between
cultures grown on M9 and on M9TG, but neither medium produced the level

of response obtained in the static test.

(4) 3SS-«t’m‘.og].ycollate Uptake Study

355-thiog1yc011ate (37 pg. per 40 ml. medium) wes added to
two test media for sulfur uptake study. One is M9 less MgSO,, but
with non-labeled Na-thioglycollate at the concentration of 1.4 mg.
per 40 ml. medium. The other medium is M9 with non-labeled Mgﬁ)4!7H20
at the concentration of 3 mg. per 40 ml. medium, This second medium
did not have non-labeled Na-thioglycollate. Each medium, in addition,

was incorporated with 0.2, 0.02, and 0.002% of glucose to see if the
) - 81 -



Table No. 28 - 35804—8 uptake by Clostridium tetanomorphum under 37° C. static

anaerobic condition at dlfferent glucose concentrations. Initial
cell density, 1X 10% per ml,

M r FILTER

TREATMENT (40 ML. MEDIUM) LESS CELLS M (F FILTER PLUS CELLS
0 time 0 time 1 hr, 3nr. 5 nr, 2 hr,
1. M9TG + 0.2% glucose 46 915 115 126 138 508
2. MgTG + 0.02% glucose T2 99 o5 103 115 275
3. M9TG + 0.002% glucose 73 98 R 108 TL 130
L, MJTG + 0.2% glucose 56 80 53 33 13 15

+ 0.1 ml, B-P

M9TG: per liter: KpHPO), 5.0 mg.; NHNO_» 02 g.; MgS0),*TH;0, 0.08 g.; NaCl, 0.1 g;
soil extract, 100 ml,; Na—thloglycoilate, 1.0 g.; glucose at indicated. concentrations.

B-P : Bard-Parker germicide.

F

- 82 -



Table No. 29 = Uptake of 35SOLL-S by Clostridium tetanomorphum at 37° C. under

agitation by N, gas (20 ml/min/LO ml}) at
Initial cell density, 1

concentrations®

M CF FILTER
TREATMENT (40 M. MEDIUM) LESS CELLS
0 time
1. M + 0.2% glucose 56
2. M9 + 0.02% glucose 58
3. M9 + 0.002% glucose 52
4, M9 + 0.2% glucose
+ 0,1 ml, BP 55
5. M9TG + 0.2% glucose 39
6. M9TG + 0.02% glucose 32
7. M9TG + 0.002% glucose 57
8. MgTG + 0.2% glucose
+ 0.1 ml, B-P 34

M9: per liter of KH,PO,, 5.0 mg.;
soil extract, l%

MOTG : M9 medium plus 0.% Na-thioglycollate.

B-P : Bard-Parker .

s NH, NO
O ml,; glucose =

ﬁifferent glucose
4+ per mi,

M G- FILTER PLUS CELLS

-83-

cated concentrations.

onT. T bor. 3 o, 5 hr, 24 hr.
73 105 156 184 127
88 103 122 157 32
85 107 118 155 59
79 64 53 15 20
108 123 166 219 66
97 103 138 196 57
102 103 130 176 42
T6 61 56 15 42
0.2 g.; Mgso, *TH,0, 0,08 g.; NaCl, 0.l g.;
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glucose concentration exerts any influence on the sulfur uptake.

Twenty-four hour culture of E. colH was washed and
the cells were then inoculated into 40 ml. medium at the concentration
of 1X 104 cells per ml. Poison controls were also included. The
result is shown in Table No. 30. No significant sulfur uptake
has been shown in this study indicating that thioglycollate is not
a suitable substrate to provide sulfur for E. coli. Its main
function in the medium is perhaps merely to decrease O-R potential
to create a favorable condition for the growth of anaerobes.

b. RM9 Medium

(1) Sulfate Uptake at Room Temperature; Static Condition

B. fluorescens, E. coli, and Cl. tetanomorphum were
selected for testing the radioactive sulfate uptake in the RM9
medium. Cell inocula from each organism in 40 ml. culture were
respectively, 0.6 X 104, 1.8 x 104, and 1.8 X 104 cells per ml.
Arrangement of treatment and results of analysis are shown in Table
No. 31. The RM9 medium wes extremely good for sulfate uptake since

there was noticeable sulfate uptake even at five-hour incubation. The

cpm for P. fluorescens, E. coli, and Cl. tetanomorphum were , respectively,

521, 2332, and 2554 at five hours, and 3919, 4819, and 3368 at 24 hours.
The poisoned controls were about 50 gm and the medium controls were
much less at 24 hours.

(2) Thioglycollate Effect on Sulfate Uptake and Growth
of an Anaerobe

The anaerobic organisms generally are much slower in growth

when compared with the aerobic or facultative anaerobic organisms.

Previous experiments on sulfate uptake have been limited to 24-hour

-84 -



Table No.

30 = Sulfur uptake by E_ cali in M9 medium plus labeled

35g-thioglycollate at 37° Cwand static incubation.

Medium Controls

MA + 0,2% glucose
MB + 0,2% glucose

Experimental

MA + 0.2% glucose
MA + 0.02% glucose
MA + 0,002% glucose

MB + 0.2% glucose
MB+ 0.02% glucose
MB + 0.002% glucose

Poison Controls

MA + 0.2% glucose + BP

MB + 0.2% glucose + BP

M F CELLS PLUS FILTER CELL NO,/ML.
— 2hwr Lhwe - 24 hr, 2L hr.,
10 13 8 13 '0
7 20 12 12 0

8
33 22 35 27 2.5 X 1o8
29 17 21 25 1.4 x 10
24 22 23 33 74 x 107
42 29 70 123 75 X :Log
19 29 49 107 2.9 x 10
30 22 34 87 11X 1c§3
64 19 15 19 0
23 45 21 14 0

MA: % less MgB0), plus thioglycollate (1.4 mg. per 40 m1l.) and
-3 thloglycollate (37.5ng. per 40 ml.).

MB: M9 with MgSO, *TH,0 (3 mg. per 40 ml.) and 3°S-thioglycollate

(37 pe. per f0 mi.).

BP: Bard-Parker,

il

85 -

applied at 0.2 ml. per 40 ml, medium.
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studies. The following experiment was to find the peak of growth and sul-

fate uptake of ¢l. tetanomorphum at prolonged incubation under the influence

of various thioglycollate concentrations.

The experimental setup and results are shown in Table No. 32. It
is interesting to note that thioglycollate at higher concentrations did
hasten the growth and uptake of sulfate but sulfate leaching occurred
rapidly after 48 hours of incubation. Although sulfate uptake at 24 hours
was lower for the thioglycollate at 0.002 gram per liter (a normal concen-
tration in RM9), the value was.considerably higher than the poisoned control.
Prolonged incubation of this sample showed a steady uptake of sulfate, with-
out leaching, up to 144 hours.

(5) Mixed Culture Studies

The P. fluorescens and Gl. tetanomorphum were grown separately on

Tryptic Soy Broth and Fluid Thioglycollate media, respectively. They were
washed and resuspended in saline. [Individual cultures and a mix of both
cultures at 1:1 volume ratio were inoculated into 40 ml. of RM9 medium.
Initial cell density and the result of sulfate uptake are shown in Table

No. 33. The highest uptake was demonstrated by the Pseudomonas culture

(856 cpm) while the lowest was from the Clostridium culture (472 cpm). The
value for the mixed culture was intermediate between these two pure cultures.
The individual species in the mixed culture were estimated by growing
Clostridium on thioglycollate agar under anaerobic conditions and Pseudomonas
on Tryptic Soy Agar under aerobic conditions. The latter cannot grow under
anaerobic conditions and the former cannot survive under aerobic conditions.

The number of each species in the mixed culture was comparable to the number

in the respective pure cultures.
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Table No. 33

ORGANISMS

(1) P. fluorescens

(2) ¢l, tetanomorphum

(3 Mixed culture (1:1)
of (and (2)

(4) The mixed culture
(3) plus 1.0 ml,
Bard-Parker

(B) Medium control

35

- Y780),-5 uptake by pure and mixed cultures of

Pseudomonas fluorescens and Clostridium

tetanomorphum at room temperature

INITIAL CELL M F FILTER

DENSITY/ML PLUS CELLS

(N 40 M1, ) O HR, 18 HR, 24 HR,

2 x 1P 6l

1x10° 50

1® x 1B 158

13 X 106 15

~ 89 -

180

14

168

15

856

iyee)

o51

157

(267 ¢.),
static condition in revised M9 medium.

FINAT CELL
DENSTITY /ML

74 x 10
8 x 10°

5.8 x 107 (P. fluor.)
3 x 10° (Cl, teta.)
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(®) Soil Sample Studies

Microbial activities in sulfate uptake using two soil
samples as inocula were tested. T™o soil samples were selected,
i.e., silty clay loam and lateritic clay soils. The soil suspensions
were prepared according to the procedure described in Section II, B, 6.
'Various volumes of inoculum were added to the 40 m1. RM9. The experimental
setup and results are shown in Table No. 34 for the silty clay loam
soil and in Table No. 35, for the lateritic clay soil. Sulfate uptake
was clearly shown in experimental samples inoculated with both soils.
The ratios between the experimental samples and the poison control in
sulfate uptake were 10 or 30 to 1, depending upon the initial cell
density in the soil samples. A positive relation between initial cell

density and sulfate uptake was noted in the clay soil experiment (Table

No. ).

V. ENZYMATIC ASSAY OF MICROBIAL ATP

This life detection experiment (10,11,12) is based upon
the sensitivity and specificity of the firefly lantern bioluminescent
system for ATP and upon the ubiquity of ATP in all known cellular
material. The bioluminescent reactants of the firefly lantern = luciferase,
luciferin, magnesium, and oxygen = are readily extracted in usable
form. Additional luciferin, which can be synthesized, is added €0
improve sensitivity. When ATP is injected into this system, light

is produced. The bioluminescent reaction of the firefly lanterns is
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specifically for ATP.

A.  Analytical Method

Following are the procedures for this assay:

(1) Preparation of Reagents

a.

Tris buffer: 0.05 M Tris, adjusted to pH 7.4

with concentrated HC1l, autoclaved, and stored

in refrigerator.

MgSo, : 0.01 M Mgso4 prepared in the Tris buffer
and autoclaved.

Luciferin: 0.6 mg. luciferin per ml, of Tris
buffer.

ATP: 1.0 mg. per ml., in Tris buffer as stock
solution. This is stored frozen and when needed
for standard solution, is diluted with Tris buffer.
Saline: 0.85% NaCl in distilled water and autoclaved.
mso: 90%dimethylsulfoxide in 0.05 M Tris buffer,
adjusted to pH 7.4 with HCl and autoclaved.
Luciferase: One gm. acetone powder prepared from
active firefly lanterns (Hazleton collection 1966)
is extracted with 5 ml., of Tris buffer at 0° C. for
10 min. with occasional stirring. The insoluble
portion is removed by centrifugation at 500 X g

for 10 min. at 0° c. The supernantant is decanted
off and stored at 0° C. The pellet is again
extracted with another 5 ml. of Tris buffer.in

the manner described above., The combined supernantant

of approximately 10 ml. (the soluble extract) is then

: - 93 -
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(2)

(3)

passed through a Sephadex G=100 column and eluted with

Tris buffer. Fractions from the column are collected

in 7-10 m1. portions and aliquots from each removed to

be assayed for luciferase activity. The most potent

ones (approximately 30-40 ml.) were pooled and lyophilized
in 2-ml, portions each in tear-drying bulbs. The
lyophilized enzyme in bulbs (approximately 20 pg. each)

is stored in a deep freezer (~10° C) and removed to

be reconstituted as required.

Preparation of Reaction Mixture

Lyophilized luciferase is reconstituted
by dissolving it in 2,0 ml. of 0.05 M Tris buffer.
To this is added 2.0 ml., of MgSO0, solution and 2.0 ml.
of luciferin. The PB( then is filtered through a sterile
membrane filter to remove any bacterial contamination.

Extraction of ATP from Microbial Cells

Two ml. of test cultures are filtered through
a Millipore HA membrane filter (0.45 u,) in a Swinnex

13 filter unit. Each filter is previously wetted with

2.0 ml. of 0.05 M Tris buffer and then extracted with 1.0 ml.

90%IMSO solution at room temperature by injecting the
SO through the membrane. The membrane will be dissolved
and ATP will be released from the cells. To find an
optimal ratio between the ATP sample (in 90%DMS0) and the

reaction mixture to give best ATP response, both 100?\
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and 10?* standard 10"3 pg. ATP in 90%DMSO were injected
into 100?\ reaction mixture. The light pulse was
detected by a photomultiplier tube and monitored by a
strip chart recorder. The peak amplitude of the signal
is proportional to the quantity of ATP present. The
results shown in Table No. 36 indicate that the 10-A
sample gave 60 na, response which was about 80%of the
light response of 10N ATP sample in Tris buffer (76 na.).
This indicated that ATP in 90%DMSO can be injected into
the reaction mixture to give acceptable light response when
the ratio of lpart ATP in DMSO to LO parts reaction
mixture is used. |If a cell culture initially contains

107 cells per ml., then number of cells which contribute
ATP in a 1,07\ sample volume will be 6.7 x 104 cells.

Assay Technique

The R, is placed in a capped, sterile plastic
culture tube and allowed to stand at room temperature
until the inherent light has decreased. The inherent
light is associated with enzyme preparation.” In
every assay, the bioluminescent detector is adjusted
so that a zero level can be set on the strip chart
recorder when no light source is in front of the
phototube. A cuvette containing 100?\ of RX is then
placed in front of the phototube and the signal noted
at this point represents the inherent light of the system.

Ten?\ of the extracted ATP from microbial cells or

A
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Table No. 36 - Comparison of ATP light response
from 1L0Aand 100& volumes of samples.

TEST ATP SOLUTION RESPONSE (NA.)
1073 pg. in 10A Tris 76
1073 pg. in 100ATris 48
1073 ug. in 1O0ADMSO 60
1073 pg. in 100X DMSO No response

(completely quenched)

- 9% -
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standard ATP solution is now injected into the cuvette
and the response in nanoamperes (na.) is recorded.
Gross response is reported as the total increase from
the initially adjusted zero level, including inherent
light, while the net response is gross response less
inherent light. The net response is used for the ATP
index. For quantitation of unknown ATP, at least three
net responses of standard ATP solutions ranging from
1073 ng. to 107° Hg. , Or 10° g per 10 )} should be
included so that the unknown value can be extrapolated
from the standard curve of na. vs. ATP concentration.
Figure No. 17 shows a typical calibration curve for the

EMR instrument .

(5) Instrument

Most of the measurements of light output
made as an integral part of biochemical research during
this contract were conducted on a bioluminescent detector
on hand at Hazleton Laboratories. A block diagram of the
instrument is shown in Figure No. 18. This instrument

was manufactured by Electromechanical Research, Inc.,

(EMR) and is configured to hold a cuvette or 6 nn. x 50 mm, test

tube as a reaction chamber. The reaction is inititated
by injecting, with a syringe, the ATP sample into a test
tube containing the reaction mixture. The instrument

employed an oscilloscope calibrated in nanoamperes.



Light response (no)

Standard Light Response as Function of Concentration,
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Figure No.l7 - Typical calibration curve {( EMR instrument)
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B. Experimental

1 Medium
Any medium which supports the growth of microorganisms
will provide cells to give an ATP response and the ATP response is
proportional to the number of cells (10). In this program, the
medium for ATP studies was limited to EM9.
2. Poison
Studies on ATP response from cultures treated with
various poisons are shown in Table No. 10. The Bard-Parker and
70% perchloric acid at the tested levels were very effective-in
suppressing the microbial growth as shown by the ATP response,
Other poisons tested €or phosphate and sulfate are equally applicable
to ATP tests.

3. Theoretical Consideration of ATP Production

The average bacterial cells contain 10_9 pg. ATP per cell.
The larger cells such as yeast and spores of Aspergillus contain
respectively, 3 X 10-8 pg. and 2 X 10_7j1g. per cell (10). Assuming

" cells will give 1072 pg.

ATP content in a cell is 1072 pg., then 10
ATP which can easily be detected by present ATP assay system.

4. Pure Culture Studies

Pure culture study was made on E. coli. Initial cell

density in 40 ml. of RM9 medium was 4.6 X 106 per ml. The result-

is shown in Table No. 10. Two ml. of cell suspension at zero time
were filtered and extracted with 90% mS0. One-tenth ml. was injected
into 1007\ reaction mixture; the response being 1na. After a 24-hour

incubation, ATP determination was made again. This time the response

i
- 100 -
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was 26 na., indicating growth of microorganisms. The plate count at
24 hours showed the cell density was 5.5 X 108 per ml.  The medium
and strong Bard-Parker poisoned control at 24-hour incubation did not
give ATP response.

5. Soil Sample Studies

The soil samples (silty clay loam and lateritic clay soils)
used for phosphate uptake studies were also tested for ATP production
in RM9 medium. The experimental setup and the results of the test are
shown in Tables No. 23 and No. 24.

The results for the silty clay loam soil inoculum are shown
in Table No. 23. A drastic increase of ATP from O to 24-hour incubation
is seen in all three experimental samples. At zero time, AIP responses
ranged from 0.25 to 1.25 na., while at 24-hour incubation, the values
ranged from 25.5 to 32 na. An inverse relation between the amount of
inoculum and ATP content at 24 hours was noted. This appeared to
reflect the age of the cultures. At a given length of incubation
period, the cultures with the higher inoculum generally would reach
the stationary phase faster than the culture with lower inoculum; the
latter probably still being at the lag phase. It is believed that cells
at the stationary phase contain less ATP than the cells at the lag
phase.

The ATP in the poisoned control and in the medium control
(less inoculum) was practically nil, indicating that there was no
microbial growth.

Similar analyses using a lateritic clay soil sample as the
inoculum are shown in Table No. 24. The microbial count of the lateritic
clay soil was very low because the initial cell density in the three

experimental cultures Aranged only from 12 to 60 cells per ml. Despite
- 101 -
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this, the ATP yield at 24-hour incubation ranged from 0.75 to 14.5 na.,

whereas the poisoned and media controls did not give any ATP response,
The positive relation between the amount of inoculum or the number of
cells and ATP content indicated that all the cells were probably still
in the lag phase, since the highest final cell density wes only
6.3 X 106 per ml., equivalent to growth at the lag phase.

By comparing the results of the experimental and the poisoned
controls for ATP assay systems, both soils clearly demonstrated the
feasibility of providing adequate inocula for detecting microbial

growth in RM9 medium.
V. GROWTH TEST OF VARIOUS ORGANISVS |IN THE RM9 MEDIUM

The RM9 medium was tested for growing various microbial
species. [Each organism was grown first on a standard medium. After
washing with saline, the cell suspension was inoculated into 10 ml. RM9
medium in screw cap tubes. Al the cultures were maintained at 26° C.
under static conditions for 24 to 96 hours. Their growths were observed
by relative turbidity. The result is recorded in Table No. 37.

Other sets of microorganisms were selected for the growth test
in RM9 medium. This time a loopful of each culture was transferred from
an agar slant to a screw cap test tube containing 10 ml. RM9 medium.
Incubation was at 26° C. statically. The results are shown in Table No. 38.
Quite a number of cells grew within 24 hours; however, many other organisms
required longer incubation for visual detection of their growth. The
reason for this delay may be due to their preadaptation in the stock

culture media.
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Table No. 37 - Growth of various organisms in RV®

ORGANISMS

medium at 26° C. under static condition.

ENERGY SOURCE

Bacillus subtilis

Escherichia coli

Pseudomonas fluorescens

Saccharomyces cerevisiae

Aspergillus niger

Ieptothrix discophoysa

Clostridium tetanomorphum

heterotrophic

heterotrophic

heterotrophic

heterotrophic

heterotrophic

facultative
autotrophic

heterotrophic

* .
As determined by visual optical density:

+ = slight; ++ = moderate; +++ = marked
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Co RELATION

aerobic

facultative
anaerobic

aerobic

facultative
anaerobic

aerobic

aerobic

anaerobic

*
GROWTH
++

f++

+H+

+

+++

++



Table No. 38 - Growth of microorganisms on RM9 medium.

ENFRGY, 0p GROWTHP AT

ORGANISMS SOURCE REIATION 2k BR. 48 HR.
Saccharomyces cerevisiae H F - +++
Xanthomonas beticola H A + ++
Salmonella choleraesuis H F - +++
Bacillus subtilis H A - ++
Alcaligenes viscolactis H A - +++
Rhodotorula glutinis H F - +
Aerobacter _aerogenes H F Aot +++
Pseudomonas maculicola H A - +
Escherichia coli H F + +4++
Candida albicans H F + ++
Erwinia carotovors H A + +++
Rhodospirillum rubrum A An - +++

H A

Sarcina lutea H A -+ +++
Staphylococcus epidermidis H F - +
Staphylococcus aureus H F + +

*

H = heterotroph; A = autotroph

A = aerobic; An = anaerobic; F = facultative anaerobic

56 As determined visually: + = slight; ++ = moderate; +++ = marked

*%
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VI. INTEGRATED BIODETECTION SYSTEM FOR PHOSPHATE UPTAKE, SULFATE
UPTAKE, AND ATP PRODUCTION

A.  Integrated Biodetection System

RM9 medium less labeled sulfate (35504'3") was used, for
determining ATP production and phosphate, while R49 plus 35304-8
was used for sulfate uptake studies. As far as constructing
feasible models of separate life detection instruments iS concerned,
this arrangement has been promising. However, there is a possibility
that further improvement can be made to simplify and to integrate
the biodetection systems so that the instrument may be reduced in
weight and perhaps operate more efficiently. With these points
in mind, a further improvement on the determination of phosphate
and sulfate uptake and ATP production as means for biodetection
was attempted.

The improved system utilized the following sequence:

1. Microorganisms from pure culture or soil are inoculated

into RM9 medium plus 35

504-8 (the same as for sulfate uptake studies).
2. At desired time intervals, an aliquot cell suspension
is sampled and filtered through an HA membrane filter.

3. The cells which take up >°

so4-s and are retained by
the membrane are washed to remove excess 353’04-8 and ATP.
4. The cells, plus the BA membrane, are dried and then
counted by a radioactive counter for the sulfate uptake measurement.
5. The ATP in the dried cells on the HA membrane from
step 4 is extracted by 90% ™SO in Tris buffer, pi 7.4 and the
aliquot is injected into the reaction mixture (luciferase, luciferin

and Mg'SO4) for the ATP determimation.

H
4
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6. The residual phosphate in the filtrate from step 4
is precipitated by 14C-triethy1amine-amonizm molybdate-perchloric
acid mixture.

7. The 14C-triethylamine-phosphomolybdate precipitate is
then washed by non-labeled triethylamine-ammonium molybdate~perchloric
acid mixture to remove excess 35SO(:}-S and 14C—triethylamine in the
precipitate.

8. The precipitate is then dried and counted by a
radioactive counter for phosphate determination.

Three questions arose from attempting to improve
the system. These are:

1. What effect will the infrared drying process have
on the recovery of ATP from dried cells?

2. How much washing is required to decontaminate

35SO -8 on 14C'triethy].a.mine-phosphomolybdate precipitate?

/A
3. Will 3530 -5 extracted from cells by DMSO interfere

4
with ATP light response?

To answer the first question, an E. coli culture was
selected for the test. Six l-ml. aliquots of 24-hour cultures of
E. eeH cell suspension in RM9 plus 35804-5 were filtered through
the HA membrane filters in a Swinnex filter unit. Each filter was
then washed with 2 ml. 0.05 M Tris buffer. One set of duplicate
washed filters was dried under infrared for 10 minutes. The second
set was air-dried for 30 minutes and the third set was tested without

drying. Each filter was dissolved in 1-ml., of 90%DMSO for ATP

_1%_
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extraction. Ten7\were injected into 100'A reaction mixture. The
average ATP response for each treatment is shown in Table No. 39.
The infrared-dried sample had a value (280 mv.) close to the untreated

sample (315 mv.). The air-dried sample had the least recovery (240 mv.).

35804—5 uptake

studies apparently can also be used for ATP determination.

Based on this experiment, infrared-dried cells for

To answer the second question = the interference of

35804-8 on the determination of phosphate uptake, four one-milliliter

aliqguots of RM9 medium plus 33

50, -S (60,000 cpm/ml.) were
precipitated with excess non-radioactive triethylamine plus ammonium
molybdate-perchloric acid mixture. Each precipitate suspension weas
filtered through an HA membrane filter and washed with 1, 2, 5, and
10 ml. of triethylamine-ammonium molybdate-perchloric acid washing
mixture. The counterparts of non-radioactive sulfate in M9 were
similarly precipitated and the gm of each precipitate, after being
washed, was recorded. The result is shown in Table No. 40. A slight

amount of 35804-8 apparently was adsorbed by the phosphate-triethylamine

35

complex, despite the washing. Although the "“s0,~S appeared to

4
interfere slightly with the phosphate determination, the extent was
not great enough to render invalid phosphate uptake studies, since the
criterion for presence and absence of microorganisms for this test

is based on the different degree of phosphate uptake in experimental
cultures vs. poisoned cultures. The phosphate uptake in the test

cultures generally have been four to eight times higher than in the

poisoned control.
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Table No. 39 - Recovery of ATP in cells dried
by infrared and by air-drying.

TR TA T " | RESPONSE RECOV

m.
Infrared-Drying 280 89
Air-Drying 240 T6
Control (not dried) 315 100

- 108 -
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Table No. 40 - Radioactive count (cpm) of ;gashed phosphate

precipitate from RM9 plus 3 50, -8.
MEDIA CPM PER ML, VOLUME (ML,) CF WASHING
1 2 5 10
RV + 50, -8 - 18 18 18 32
RM9 + 3550 -3 60, 000 199 180 122 126

b
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To rdduce the 35804-3 interference, the 35804-3 in the

RM9 has to be decreased, so there will be less chance for
undesirable "adsorption' of 35304-5 by the phosphate-triethylamine
complex. Table No. 41 shows the results of phoephate precipitation
studies using 6000, 600 or 60 gm in RM9 medium. The gm for the

phosphate precipitate was close to background count. By reducing

the initial 35504-8 radioactivity level, the interference of
3SSO -S on phosphate determination can be reduced or eliminated.

4
B. Hazleton Instrument

All the radioactivity counts of sulfate and phosphate
uptake studies reported above were made on radioactive counters
such as the Nuclear Chicago D-47 and the Widebeta, and the ATP
determination was done on the EMR instrument. In order to demonstrate
the possibility of integrating the detection of sulfate and phosphate
uptake and ATP production, a laboratory instrument, referred to as the
Hazleton instrument, was designed. A description and operational
procedures are given in Appendix 1.

1. ATP Determination

Basically, the ATP determination is not much different from
the method described in Section IV, using the EMR instrument. However,
the volumes of sample and reaction mixture, calibration of a standard
AITP curve and the display of the response had to be investigated.

a. Volumes of Sample and Reaction Mixture

The dimensions of the reaction chamber are linch in
diameter and 5/8 inch deep in contrast to 6 mm, diameter and 50

mm. glass cuvette for the EMR instrument. Therefore, it is necessary

3
<4
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Table No. 41 - Radioactive count (cpm) of washed phosphate
pre%'pitate from R plus different levels

of SO}_L-S.
CPM OF PHOSPHATE
CPM PER ML, PRECIPITATE
6000 4
600 32
60 16

*

The precipitates were washed with 2 ml, of
washing mixture. The background count was

17 cpm.
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to establish a volume ratio of ATP sample vs. reaction mixture to
obtain the best light response. Standard ATP solution, 10-5 xrg. per
107\was prepared in 90%DMSO and 25, 50, 75, or 100;\ volume weare
injected into the corresponding 10 times volume of reaction mixture.
The results are shown in Table No. 42. The highest response was
obtained from injecting 10 7\ATP standard into 100 ‘N reaction
mixture, consequently this ratio was selected for all ATP tests using
the Hazleton instrument. For this experiment the photomultiplier
had glass window only. No scintillator crystal was used. The
response was displayed on a strip chart recorder. (Brush Model 10).

b. Standard ATP Curve

An ATP standard curve was prepared using 1007\ ATP solution.
and 10007\ reaction mixture.

Standard ATP solution was made from 1mg. per ml. stock
solution:

I. 0.1 ml. stock solution + 9.9 ml. 90%DMSO 1ug. per 100\

II. 0.1 ml. of I solution + 9.9 ml. 90% DMSO lO_Zyg.per 100 A

10-3ug.pex 1007\

111. 0.5 ml. of II solution 4+ 4.5 ml. 90% DMSO

10 '4;1g .per 100\

V. 0.5 ml. of IV solution + 45 ml. 90%IMSO = 10 pg.per 100N

IV. 0.5 ml. of III solution + 4.5 ml. 90%DMSO

The standard curve is shown in Figure No. 19 for ATP
. . -5 7\ -2 7\
concentrations ranging from 10 ~ ug. per 100/A up to 10 = ug. per 100/

The responses are expressed inmv.
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Table No. 42 = Volumes of ATP sample and reaction
mixture for ATP response using
Hazleton instrument «

REACTION

ATP IN 90% DMSO MIXTURE NET RESPONSE
A mv,

1073 a’/looi(u 1000 S5

-l -

7.5 % 10 }1{;";/75},’ 750 28

5.0 x 107* pz/504 500 13

2.5 x 10°% pg/e5 & 250 7
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2. Radioactivity Count

A comparison of the radioactivity counting between the
Nuclear Chicago D-47 Gas Flow and the Hazleton Instrumentis
given in Tables No. 43 and No. 44. Three scintillation crystals to detect
the weak,iv- radiation have been tested in the Hazleton Instrument.
These are .25" Can(Eu) with .005" Al window, .25" Can(Eu) without
window and .015" anthracenes The tests with the Hazleton Instrument
showed that the anthracene scintillator was the best of all, having
a low background count. The Can(Eu) crystals should equal, or
exceed, the performance of the anthracene if the thickness is
optimized for 140 and 355 beta and the :time constant of the associated
electronics increased to match the crystal. In the following studies,
all the radioactivity counting using the Hazleton Instrument was
with the anthracene crystal.

C. 358 Interference on ATP

In regard to the third question asked in Section VI, A, above;
since the photomultiplier-scintillator system used for detecting ATP
and phosphate is also sensitive toﬁ-radiation of 35504-5, the
amount of 3539 -S radiation may become additive to ATP light response.

4
If this is the case, the background noise for the ATP light response
will be increased. The following experiment was conducted to evaluate
the extent of 35304-8 effect on ATP response.

The stock 35804-5 solution, having radioactivity of 19850 cpm
per ml., was diluted 10 times with 100%DMSO, to make approximately

2000 cpm per ml. in 90%mMSO. One-tenth ml.of this labeled sulfate
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solution was injected into 1 ml, of reaction mixture in the Hazleton

Instrument for light response. The detector for the ATP reaction
also had an anthracene crystal for detecting the weaky’ -radiation,

No light response was detected in this experiment, the reason being,

35504-8 was absorbed

by the liquids (reaction mixture and DMSO solutions), thus no

probably, that the$-radiation given off by

radiation could reach the scintillatox,

D. Residual ATP and3580 -S

Because of the limitation in weight for a life detection
instrument for a space mission and the nature of time sequence
required for phosphate, sulfate and ATP metabolism analyses, reaction
chambers or a pipeline of the instrument may have to be reused several
times. The following experiments were made to show whether contamination
will be a problem, and if so, to develop an adequate washing process.

1. Residual ATP in Reaction Chambers

A standard ATP solution 10-2 Jpe. per 100) in 90%DMSO was
injected into 1000?\reactibn mixture in the reaction chamber of the
Hazleton Instrument. After the reaction was over, 100?\016 the spent
ATP reaction mixture was injected into another clean reaction chamber
containing fresh reaction mixture to see if there was residual ATP from
the previous experiment. No response was obtained, indicating that
practically all the ATP had been converted to ADP. |f any ATP had
been left, the concentration was less than 10_5 ng. per 1007\ , Since
this is the sensitivity of the Hazleton Instrument. (Figure No. 19).

Based on this experiment, rinsing with water should be adequate to remove
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trace amounts of ATP, if any, from a used reaction chamber.

2. Residual 35304-8

Orne ml. of E. coli culture in RM9—35804 medium was
filtered through HA membrane in a Swinnex filtration unit. After
removal of the filtration unit, the same syringe wes used to draw
up 1 ml, of Tris buffer for washing the residual cells left in
the syringe,. A new filtration unif containing a new clean HA filter
was attached to the same syringe and the Tris buffer plus cells were
filtered through the HA membrane. This constituted the first washing.
The filter plus cells was counted by a radioactive counter. The
second washing was similarly done and the HA plus cells, if any,
were counted again. The washing was done a total of eight times.
The original culture plus filter had a radioactivity of 3852 cpm,
while the first, second, third, and fourth washings had respectively,
12, 13, 12 and 4 cpm. Nb radioactivity was detected in the fifth
washing through the eighth. Although the residual cells in the syringe
were negligible, (since the first washing only showed 12 cpm) four
washings of 1 ml. volume each were required to remove the radioactivity
entirely.

E. Phosphate Standard Curves Prom m9—3580, Medium

A standard curve of phosphate ions prepared by the 14C—triethylamine
method has been described in Section 11, A, 2, and is shown in Figure
No. 4. The radioactivity of 30 gm and 140 cpm for 14C-triethylamine-
phosphomolybdate precipitate, represent, respectively , 100 pg. and

1000 pg. phosphate-P per liter. The precipitate was prepared by

adding 0.06 ml. of 14C-triethy1amine solution (specific activity of 1.1 mc.

2
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per oM in 0.064 ml. wes diluted 1:100 with distilled water and then
1:10 with 0.8 M unlabeled triethylamine), 0.05 ml. of 4 N perchloric

acid and 0.25 ml. 0.08 M ammonium molybdate into 1 ml., of various
phosphate concentrations in RM9 medium. The radioactivity wes rather
low (25 ecpm) for 100 mg. phosphate-P per liter. Since it is desirable
to have higher radioactivity in the precipitate, preparation of such
precipitates was attempted.

Figure No. 5 showed that higher gm of the precipitate
was obtained by increasing the amount of 14C—triethylamine solution
in the precipitation process. One-hundred and seventeen mg. of the
14C—triethy|amine, with specific activity 0.59 mc. per mM, was
dissolved in 0.63 ml. of distilled water and then subsequently diluted
1:50 with 0.8 M of unlabeled triethylamine. The highest cpm from
phosphate in 1ml, BM9 = 35804 occurred when using 0.5 ml. of 14(:-
triethylamine solution. Further increase of 14C-triethylamine did
not increase the radioactivity of the precipitate. Based on this
experiment it was decided that 0.2 ml, and 0.5 ml. of MC-triethylamine
should be tried for making phosphate standard curves of higher
radioactivity. Two=tenths or 0.5 ml. of 14C—triethylamine, along with
other ingredients as described above, were added to 1 ml, of various

phosphate concentrations in RM9 ~ 3>

50,4 medium. The standard curves
are shown in Figure No. 20. Increase in the amount of 14C-triethylamine
did increase the radioactivity of the precipitate and the curves

appear to be parallel.
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F. Pure Culture Study Using the Hazleton Instrument

An E. cott culture was selected for studying the integrated

scheme for the determination of microbial activity. The medium used
3 .

was composed of 39.5 ml. of RM9, and 0.5 ml. of stock SSO.4 solution.

35

A RM9-""80, medium, poisoned (HgClz) control and a cold (non-

4
radioactive) medium of RM9 (less 35304--8) were also included for
comparison. One-tenth ml. of E. coli washed culture, containing
2.4 X 106 cells, wes added to 40 ml: of each of the above three media
and incubated statically at 26° €. A medium control was also included
for the analyses. At 0, 3, 24, and 48 hours, one-ml. aliquots in
duplicate, were filtered through a Swinnex filter using a 13 mm.
diameter HA membrane. The cells plus membrane were washed with 2 ml.
of saline and then dried for X0 minutes under an infrared lamp. The
sulfate uptake was counted by both the D-47 gas flow counter and the
Hazleton Instrument. After the radioactivity count, the dried cells
plus membrane were extracted with 1 ml, of 90%DMSO for the ATP
determination. Ome hundred7\ was injected into 10007\of the reaction
mixture.

The filtrate (1 ml. from the filtration of the cell culture)
was mixed with 0.05 ml. of 4 N perchloric acid, 0.25 ml, of 0.08 M
ammonium molybdate and 0.25 ml. of 14C—triethylamine for phosphate
determination. Radioactivity counts by both instruments were included.
The results are shown in Table No. 43, Although there were some
discrepancies in the radioactivity as counted by the Hazleton Instrument
and by the Nuclear Chicago D~47, the trend was comparable. At

24 hours, phosphate uptake in both of the E. coil cultures was evident,
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compared with the poisoned control. The 35304 uptake was rather
pronounced in the E. coli culture- with RM9-3SSO -medimm. NO

4
sulfate uptake was shown in the poisoned culture. The ATP

response Wes definitely shown in both of the E. coli cultures, but not
in the poisoned culture or medium control. The evidence of

microbial growth wes positively demonstrated in this experiment.

G. Soil Culture Study Using Hazleton Instrument

Ten grams of moist loam soil were placed in 50 ml.
of sterile saline. After stirring for 10 minutes, the suspension
was settled for 5 minutes and 05 ml., of the supernatant was
pipetted and inoculated into 40 ml. RM9-3SSO4 medium. Poisoned
controls of O.Ol%ch:l2 and of perchloric acid (0.6 ml. per 40 ml.
medium) were also included. Incubation was made statically at 26°C,
At 0, 24, and 96 hour incubation, 1ml. aliquots were filtered for
sulfate and phosphate uptake and for ATP production analyses as described
in the previous section. The microbial population wes estimated by
the spread plate technique using Tryptic Soy Agar medium. The results
are shown in Table No. 44. The loam soil must contain a rather high
phosphate ion concentration, because at O time, the phosphate concentrations
in all the cultures inoculated with soil samples were twice as high
as the medium control. Nevertheless, phosphate uptake was evident in
the soil culture samples after 96 hours incubation. The poisoned culture
at 48 hours contained at least three to five times as much phosphate
as the soil culture, indicating phosphate uptake by the latter. The

sulfate uptake and ATP production were very distinctly shown in the
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soil cultures after 24 and 96 hours incubation.

VIIl. ENGINEERING CONCEPT

A. A Description of the Biochemical Process to be Mechanized

The biochemical research was aimed at determining the
feasibility of measuring phosphate uptake, sulfate uptake, and
ATP content of any organisms which might be collected from the
Martian surface and cultured in the surface laboratory. Also, it
was hoped to learn if these values, measured after specific time
intervals from beginning the culture, could be used to establish
profiles of metabolic activity, thereby providing strong evidence
that microorganisms had been discovered and grown.

These objectives were found to be biochemically feasible,
at least for terrestrial organisms.

The biochemical processes which would need to be mechanized
if such an instrument were built, are shown in the block diagram
in Figure No. 21. A considerable effort has been made, including
laboratory tests (Sections II through VI above), to integrate and
simplify these processes. The conceptudl design of the Automated
Microbial Metabolism Laboratory (AMML) presented here will be based
on the processes illustrated in Figure No. 21. It is possible that
further simplification can be achieved and thus make it desirable
to modify the conceptual design at some time in the future.

A soil sample is collected and an inoculum prepared by
filtering and mixing with distilled water. The resulting suspension

is then introduced into the incubation chambers. Since the biochemical

E
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tests have shown it possible to use a single growth medium for both
the sulfate uptake and phosphate uptake experiments and further,
that cells dried for measuring 355 content can subsequently be used
in assaying for ATP, only two culturing chambers are required. QO
of these chambers contains the growth medium and inoculum, and the
other is identical except that an antimetabolite (poison) has been
added. The second chamber is used as an experimental control, indicative
of what occurs when no metabolism is likely.

The test sequence is identical for both samples ,test and
control. An aliquot is removed and filtered to remove the cells.
Any organisms removed are first washed, then dried on the filter

and read directly with a nuclear particle detector for 35

S taken up
fran the medium. The filtrate is retained and radioactive triethylamine
(TEA), ammonium molybdate, and perchloric acid added to precipitate

the unused phosphate. The TEA is labelled with 140 and supplied in
excess. Therefore, the precipitated, unused phosphate will be tagged
proportionately to the amount. This precipitate is then washed with
untagged TEA, dried and counted.

The ATP experiment is performed on the cells removed for analysis
of sulfate uptake. Dimethylsulfoxide (DMSO) is added.to extract ATP,
then the ATP is injected into an excess Rx mixture (reconstituted enzyme,
substrate, and MgS0

4
the gross light output after the injection of ATP are both read with

in Tris buffer). The inherent light of the R and

a photomultiplier (electron multiplier phototube).
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It is also possible to integrate equipment into this
system which could be used to conduct .Gullher-type experiments
(Ref. 1), as well as experiments designed to: look for evidence
of photosynthetic activity. |If this were done, another growth
medium and culture chamber would need to be added since Gulliver
offers a substrate labelled with 140 to the microorganisms collected

and then monitors the output of 14co If a light source is added

9
to the culture chamber, ,evidence of the presence of both heterotrophic
and autotrophic organisms can be obtained by measuring increasing

co, output with the light off and leveling off or-decreasing co,
output with the light on. If this experiment were added to the

AVMML and conducted in the spacecraft, some redesigning of the Gulliver
equipment may be desirable, since it may be possible to use the same
nuclear particle detector to read 80, uptake, Po4 uptake, and 002
output, or respiration, as well as the same spacecraft sample
acquisition system. If the experiment (Gulliver and photosynthesis)
were conducted im oitu, (Ref: 1), then the only modification
needed would be the addition of a light source and possibly the

redesigning of the detector and associated chemical getter to allow

observations over longer periods of time.

B. General Operational Requirements

In addition to requirements and limitations established
by the biochemical processes involved in an Autemated Microbial
metabolism laboratory, the extraterrestrial environments which it
must transit and in which it must operate, present strigent restrictive

conditions greatly affect the engineetring design of the device.

]
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While definitive specification of many such restrictions are
necessarily dependent on the spacecraft system design and mission
details, their general consideration bears directly on the AVML
engineering problem to be investigated.

1. Launch Acceleration

Acceleration at launch, both vibrational and steady state,
should impose no greater requirement on this system than on any
other electromechanical system. Mechanical and electrical components
should be selected to meet the usual acceleration criteria for
space application. In the system's mechanical design, particular
consideration must be given to the selection of valves and to the
tubing and piping layout to preclude acceleration-induced failure.

2. Elight Time

The flight time for a trip to Mars , approximately eight
months, imposes a severe requirement on the biochemical elements of
the system. Four areas are affected:

a. Radioactive tracers with half-life short compared to eight
months, cannot be used, since their activity would be too low on arrival.

b. Special precautions must be taken to maintain the
stability of the reagents and especially to minimize degradation of
enzymatic activity during the flight.

c. Particular care must be exercised in the initial
sterilization since the system will contain metabolic nutrients
which could conceivably nurture any microorganisms inadvertently
introduced prior to launch.

d. Consideration must be given to long term effects of

what are normally rather inactive chemicals, especially the corrosive
5128 -



effects of reagents during this.storage.
3. Temperature

Again, 1t is the biochemical portion of the system which
suffers most significantly from extreme temperature excursions.

The undesirable effects may include inactivation of enzymes,
degradation of stability, acceleration of corrosive or other unwanted
activity and irreversible.changes in both physical and chemical
properties. Generally, excessively high temperatures would appear
to be most detrimental, but this is not to rule out the possibility
that prolonged exposure to very low temperatures may have adverse
results.

a. Pre-flight

Prior to insertion in the spacecraft, critical chemical
reagents ean be kept at any desired temperature and thus protected
from deleterious temperature effects. However, immediately prior
to launch, the spacecraft will be subjected to a sterilization
cycle employing dry heat for approximately 24 hours. This exposure
would unquestionably destroy the enzymatic activity; therefore, an
acceptable substitute sterilization procedure for the enzyme must
be provided.

The location of the AMML within the spacecraft must take
into consideration the problem of post-sterilization insertion of
temperature-sensitive reactants. These reactants must be protected,
during countdown and launch, from overheating due to absorption of
heat from the spacecraft and its electronics, from the ambient, or

from any other source.
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bh. In Transit

Assuming the spacecraft will be given a specific
orientation during flight, as waes Mariner |V, for example, the
location of AMML within the craft must also take into consideration
the direction of the sun. Ideally, radiant panels associated with
containers of temperature-sensitive reactants should ""look at'
cold space during the long flight to Mars.

c. On Mars

The specific diurnal temperature range will depend upon
the site of the landing. Near perihelion, noon tropical temperatures may
be expected to have a maximum of around 32° C. Consequently , the
enzyme may be protected against overheating with no more than
reasonable insulation. On the other hand, minimum night-time
temperatures of as low as -100° c. might be reached with resultant
freeze-up of fluid systems unless the AMML is warmed.

4. Gravity On The Martian Surface

Gravity on the Martian surface is about 392 cm/sec2 , that is,
about 40% of Earth's. Any gravity-dependent operations (e.g., fiuid
flow) must consider the lower gravity of Mars.

5. Radiation

a. In transit, the spacecraft will pass through the
radiation belts associated with the Earth. However, no comparable
exposure is anticipated in the vicinity of Mars. During the whole

trip, the craft is subject to galactic cosmic radiation and to

solar radiation.
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b. O the surface of Mars, the craft will continue to
be subject to the primary cosmic radiation. The contents may be
subjected to secondary cosmic radiation. Such radiation. would
appear as background for the sulfate and phosphate uptake procedures.

6, Martian Terrain

The terrain upon which the spacecraft lands could prove
to be the determining factor in the success of the detection of
life by AMML. Assuming that detectable life does exist on Mars,
the presence of live organisms in the particular soil being tested
could be chancy, especially if life is sparse. Furthermore, the
nature of the terrain at the landing site could make sampling
difficult or perhaps impossible due either to .the constitution of
the material at that point or to the detailed topography (for example,
a near-vertical slope). An additional factor influencing life
detection procedures is the degree of disruption of the surface by
the landing. Ideally, the sample should come from an area
undisturbed mechanically or thermally by the spacecraft.

7. Attitude of the Spacecraft

It is unlikely that the landing site will be perfectly
horizontal. Same tilt can be tolerated by the AMML, but at a cost
in weight and complexity which could be prohibitive if gross
misorientation is to be compensated. The aMMI. involves fluid and
mechanical elements upon which gravity will have some effect; the
degree of allowable tilt will present a design requirement. ldeally,
the spacecraft should be self-righting within specified limits-which,
for the AMML, need not be precise. For example, the concept for the

3
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AMML presented herein, could probably function at, say, 350

out of the vertical, but not at, say, 135°,

8. Operating Time

There are three distinct operating conditions for the

a. For approximately eight months = flight time = the
AMML must be in a standby condition, not detrimental to its
components, and from which it can be activated at the destination.

b. For approximately six days at the destination, the
AMML must be in an incubation condition, during which temperatures
are maintained to promote the growth of any microorganisms and to
prevent either freeze-up of the fluids, or degradation of reactants.

c. During approximately seven assay periods of
approximately one-half hour duration each, the AMML will be in an
active condition which will require the necessary additional power

precipirates

to transport filters , dry fiderates , operate valving, read-out

assay results and transmit results to the spacecraft telemetry system

for retransmission.

C. Discussion of Engineering Problems

An equipment block diagram of an AMML is shown in Figure NO.22.
This diagram is not intended to depict a proposed design, but rather
the functions which must be performed to mechanize the processes
described in Section VII., A. This diagram parrallels that of
Figure No. 21, but also shows the storage and preparation of
reagents, pumping and valving action, the flow of solid and fluid

matter, the flow of energy and information as to where filters, driers,

1
4
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and detectors are required, and the accumulation and mixing of
fluids. Figure No. 22 should be referred to in the following
exploration of engineering problems to be encountered in designing
an AWL.

1. Storage of Reagents

All the reagents required for use in an AL must be
stored within the spacecraft during the eightlnonth journey to
Mars and then dispensed as needed after landing. This can cause
difficulty with some of the reagents since they must remain stable
throughout this period and they must not react with the material of
the storage chambers. |If any of the reagents require use at a
specified temperature, then equipment must be provided to maintain
and control reagent temperatures. The reagents listed in Table No, 45
are required by the proposed AMML and provisions must be made for their
storage.

2. Compatibility of Materials

Since there is also a requirement that reagents not react
with the materials in which they are stored or transported, additional
study and tests of the compatibility of materials must be conducted
before an AMML can be completely designed. First, experience at
this laboratory has shown that certain metals are toxic to the enzyme.
Brass and aluminum both cause inhibition of enzyme system activity.
Aluminum oxide, (as the surface of anodized aluminum) is also toxic,
although much less so than aluminum. Aluminum and brass should,

therefore, be avoided iIn the design of storage units, piping, fittings,



2aN}TNO JI0F UMTPOU

eyertdrosad tog 3utysem
pue uotiejTdrosad JoF

fog 8ury
-eytdyosad oy aeyyefoy
POJO}S PUB POXTH

sreytdroded tog
3utysem a0y aeyresol
peaols pue poxTWl

S8JNsBaW UOTIBAJISSCO
~9Uo UT J9Yy3}o301 uaz
-0d] pUB pPoxXTW pPaJols

xm swfzus
3utynyTysuoOLa J0J

UOT10BIIX® JLY JI0J

bWy UT pexTu
Toajuco Tejusurtaedxe
J0] 93 TTOQElSUWTIUR

JUSUMJ}SUT Ut
-ysutrJ pue Jutysem JoOJ

SHYVIHEY

o 0f

o371

o917
o971

0'fiel

‘W
SSOT DNIdId SN'Id
HNNTOA TVLIOL

L =2z2%x [
Ho=zx%)

Hl =2 =<0

KL =2 x4

Wt =2zx)
wr=2%x/
fl=2x/

1

95 =2 =</ X g

‘TW Q¢

(Butysen '€} ¢o pue | .
EOH#mPﬁQHOme € e m.ov W 0°7

*TW G0*0
“T® 270

‘Tw9 o

‘TW 02

umtpoy fog, -
TPal ommm 6WY
H 80°0 “©31epqATOoN wnTuoumty

Nty “PTOY OTIOTHOISd

peTeqeT Oy ¢ ouTWeTAY} o T,

N2°D “PIsV oTJoTydIed +
H 10°0 “oUTWETA3IeTd]

STI] UT M :ommx
: T ( urasFTonTd
pPa3N3 T35U0D8T (esEaoTTONT

#*L Hd ‘NGO*0 ‘agezjng sTay

%06 ‘optxoJTng TIYF<UWT(]

(X XIET-paeg) LOSTOJ

Jd1eM OSTTIIST]

SHIDAD A0 "ON

TI0XD ¥Ed SHWATIOA

THWY £q peginbaa squsfesy -~ m: *ON <TQE]

NHOVH

~ 135 =



Y P

Nl

valves, and reaction chambers for the ATP experiment. Anodized
aluminum could be used to construct reaction chambers, but wen
this use is not advisable since it will cause an inhibition of
ATP response. Most stainless steels have been found to be very
compatible with the reagents of the firefIy bioluminescent
reaction, although it is not known over what long periods of
time this is true. Stainless steel is probably suitable for use
in piping, valves, fittings, and reaction chambers for the ATP
experiment. It is not known if it is suitable for long term
reagent storage. Glass and plastic containers have been used
successfully in this laboratory for long term storage of the
lyophilized, frozen enzyme. The plastic containers used have
generally been some form of polystyrene. The inertness and wide
allowable temperature range of teflon (Ref:13) make it appear very
promising as a material for long term packaging.

3. Preparation of Reagents

Enzyme, lyophilized, and stored frezen, must undergo some
preparation before it can be used in an ATP assay. In the laboratory
it has been found that it can be prepared simply by weighing out the
correct amount of luciferase and luciferin and reconstituting it
with diatilled water or Tris buffer. Tris buffer is preferred, since
it tends to control the g of the reagent mixture, as well as diluting
it. No mixing is required as long as the mixture can stand 15 minutes.
It is already required that the enzyme mixture stand for about 30
minutes to reduce the inherent light output and, thus, the mixing
time imposes no new requirement.

3
4
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Tris buffer can be stored for short time mixed, or
indefinitely, dry. Less chance of decomposition or contamination
occurs if it is stored dry, but the instrument design can be
simpler, if it is stored mixed. By proper sterilization and
sealing of containers, it can probably be stored mixed.

4. Transfer of Fluids

In any instrument designed to conduct wet chemical assays
such as this one, the method of moving fluids about becomes a very
important consideration. Fluid flow is always attendant with pressure
differentials which either cause or characterize the flow. Pressure
differentials can be created gravitationally, mechanically, or
by use of a pressurized gas, including atmospheric pressure.

Pumping systems of the first two types can be used in an
AMML, but not of the latter type, unaided, owing to the very thin
atmosphere on Mars (see Section VII.,B.). Actually, gas pressure
can be used to move fluid on Mars if the differential is created by
raising the pressure at some point above the ambient level.

The fluids to be transferred must be metered accurately
in very small quantities (0.1 to 2ml.). This requirement
eliminates consideration of any continuous-flow pumping system for
fluid transfer and leaves only a few methods as worthy of consideration.

Pipetting may be difficult or impossible because of the
problem of very low atmospheric pressure previously mentioned, while

syringing appears feasible, provided the reagents to be drawn into

f
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syringes are stored under pressure, and offers the advantage of
good metering and positive expulsion. Gravitational flow can be
cohsidered only.if the spacecraft is capable of erecting itself
to’within a very small angular displacement of the local vertical
(see Figure No. 2). Furthermore, unaided gravitational flow
would produce very low flow rates through membrane filters (See Section
V1I1.C.5), especially on Mars. Therefore, it was decided to eliminate
fluid transfer bg means of an unaided system such as that shown
in FigureiNo, 5«3,0 Fluid flow through a filter or other restrictive
device can be augmented by adding a pressure source as shown in
Figure No. 24 . The design is better, however, if the pressure
required to transfer the liquid is transmitted through a piston
or a bladder. In this case, the liquid is confined allowing
operation in any attitude and more precise mensuration. The
pressure on the piston could be supplied by a mechanical spring,
thus making a pressurized gas supply unnecessary. The advantage in
doing this may be offset by the danger of a reactant leak developing
during the flight, by the tendency of mechanical springs to permanently
deform under sustained tension, and by the possibility that the springs
under tension, and subject to low temperatures for eight months
may fail.

The pressures which any pumping system must deliver will be

determined by the estimated pressure drops against which the fluid

must work, with appropriate allowances made for surface tension. Whatever

the pressure requirements may be, the required spring constant or the
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Figure No.23 - Simple gravitational flow
filtration system
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initial pressure of the compressed gas can be readily determined.
Since the spring will be compressed to its maximum
displacement when the cylinder is full, the system will deliver its
highest pressure at the instant the valve opens. This pressure
must be below that value of pressure differential at which the
filters are likely to rupture. This system will deliver its
lowest pressure when the cylinder reaches its maximum delivered
volume. This value will be determined by the minimum desired

flow rate for the filter used.

5. Filtration of Cells and Particles

It can be seen from the equipment block diagram (Figure
No. 22) that filtration of cells and particulate matter must be
performed several times during the course of one operational
sequence of the instrument. Filtration was chosen rather than
centrifugation in order to simplify the system design as much as
possible and to facilitate the drying of particles and cells containing
radioisotopes which are to be subsequently monitored with a nuclear
particle detector. This latter step is to minimize beta particle
absorption by the surrounding fluids, thereby increasing the
sensitivity of the assay. (See Section V11,C.10).

The properties of greatestinterest in selecting filters
for specific applications are the pore size, the pressure flow rate
relationship for the fluid to be filtered and the chemical compatibility

with the fluid to be filtered.

am
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Pore size is a measure of the largest particles which a
filter can pass. Ordinarily, the size given is a nominal value
and represents either a mean value of the actual pore sizes o a
theoretical value for a specific material of particular dimensions
when formed in a specified way, based on previous testing of that
same material. In some cases two values may be used in rating pore
size = nominal and absolute. In this case, the nominal value is
determined in the same way as before, while the absolute value
represents an estimate of the maximum particle size which it is
possible for that filter to pass. While these pore size ratings
must be used to select a filter for a particular application,
they should be used with care, since most ratings are necessarily
based on limited testing.

In general, flow rate varies with the filter material, the
suspension to be filtered, the differential pressure across the
filter and the pore size. Flow rate increases with pressure and
pore size for the same material. The effect of filter material
and composition of the fluid to be filtered is less predictable,
alshough it can be expected that as particles are removed from suspension,
plugging or partially plugging pores, the flow will be reduced. Thus
the fluids with the highest particle concentrations could be expected Eo
show the lowest £low rates.

Tests were conducted on membrane filters mounted in
Swinnex type filter holders in order to estimate the pressure-flow

relationships for materials which might be used in designing an AMML.

poms
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Tre data from these tests are presented in Tables No. 4% and47 . Tre
data in Table 46 were taken using a filter of regenerated cellulose
(rayon) with a nominal pore size of 0.20 micron. The data in

Table No.47 were based on a filter made of mixed esters of cellulose
with a nominal pore size of 0.45 micron. The data were taken using
distilled water and cell suspensions of varying concentrations. Tests
were made for 13 and 25 mm. diameters for bath materials. The active
filtration area was less than this in all cases since the filter
holder grips the perimeter of the filter to provide a seal. Also

in Tables No. 46 and 47, the average time in seconds to collect

10 m1. has been used to calculate mean flow rates. These have been
plotted against the pressure drop for the filters tested in Figure

No. 25. Curves have been drawn in connecting the points taken at
different pressures"for otherwise identical conditions to aid iIn
identifying observations. Some randomness is observed in these
curves. This is to be expected due to the random error present in the
gauge used to measure pressure drop and due to the possibility of
randomness in the microstructure of the membranes tested.

For the small diameter filters, the slope of the pressure-
flow rate curves is quite shallow suggesting that in this case, the
choice of an operating pressure is not very important as long as the
rupture pressure is not exceeded and there is adequate supply of
pressure to insure positive flow through the rest of the system. A
choice of nominal pressure from 25 to 15 psi would be adequate for

either filter.
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13

25

Table No. 46 - Flow rate test one¢~-8 membrane

filter under different pressures.

LIQUID PRESSURE FILTER TIME (SECONDS)/10 ML.  AVERAGE AVERAGE
TESTED (PSI) NO. 0-10 10-20 20-30 30-40 (9 VALUES) HON RATE
ml, mi., ml. ml. ml/sec
Distilled 5.0 1 D 100 105 104
water 2 D 108 112 113
3 D 105 110 110
Averaged 104 109 109 107 0.093k4
10 1 D 62 67 72
2 D 71 78 75
3 D 75 78 82
Averaged 69 74 76 73 0.137
15 1 D 3L 31 31
2 D 59 60 61
3 D 58 50 60
Averaged 65 69 68 54 0.185
Distilled 2.5 1 D 15 16 16
water 2 D 12 13 1
3 D 17 18 1
Averaged 15 16 16 16 0.625

D = Discarded
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Table No, 46 = Continued

AVERAGE

LIQUID PRESSURE FILTER TIME (SECONDS)/10 ML. AVERAGE
FILTER TESTED (PSI) N., 0-10 10-20 20-30 30-L0 (9 VAIUES) FLOW RATE
mm, ml, mi, ml, ml, ' ml/sec
25 Distilled 50 1 D 11 14 12
water 2 D 1 10 11
3 D 11 1 12
Averaged 11 12 12 12 0.833
10 1 D 7 9 9
2 D 8 9 10
3 D 10 10 11
Averaged 8 9 10 9 1.11
13 10° cells 5.0 1 p 8 90 %5
per ml, 2 D 105  1o7 113
3 D 132 142 150
Averaged 108 113 119 113 0.0885
10 1 D 85 87 89
2 D 58 61 66
3 D 48 51 53
Averaged 60 66 69 65 0.154
15 1 D 42 43 55
2 D Lo 40 42
3 D 29 30 30
Averaged 37 38 42 39 0.256

D = Discarded
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Table No, 46 = Continued

LIQUID PRESSURE  FILTER TIME {smcomasgélo ML. _ AVERAGE AVERAGE
FILTER TESTED (PSI1) No, 30 (9 VALUES) FLOW RATE
m, ml, ml, ml, mi, ml/sec
25 10% cells 25 1 D 32 34 36
per ml, 2 D 1T 17 18
3 D 11 11 10
Averaged 23 21 21 2 0.455
5.0 1 D’ 10 10 10
2 D 37 38 39
3 D 9 9 10
Averaged 19 19 20 19 0556
10 1 D 14 14 14
2 D 7 7 7
3 D 6 6 7
Averaged 9 9 9 111
4
13 10 cells 5.0 1 D 120 120 123
per ml. 2 D 16 107 112
3 D 112 113 116
Averaged 112 113 117 114 0.,087T
10 1 D H T8 83
2 D ) 76 T8
3 D 77 78 81
Averaged s 77 a8l 78 018
15 1 D A 5 5) 69
2 D D p 4
3 D D 44 46
Averaged 40 51 51 0.1

D = Discarded
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Table No. 46 = Continued

LIQUID PRESSURE FILTER TIME (SECONDS)/10 ML AVERAGE AVERAGE
FILTER TESTED (PSDH NO. 10-20 20-30 =10 (9 VALUES) AOWN RATE
m, ml, ml, ml, ml, ml/sec
25 104 cells 2.5 1 D 19 20 21
per ml. 2 D 19 17 19
3 D 29 30 31
Averaged 2 2 27 24 0416
50 1 D 16 17 19
2 D 15 16 16
3 D 18 17 19
Averaged 16 17 18 17 0.538
10 1 D 21 21 21
2 D 14 15 15
3 D 12 12 12
Averaged 16 16 16 16 0.625
13 105 celts 50 1 D 87 92 98
per ml, 2 D 102 108 115
3 D 108 110 120
Averaged 99 103 111 14 0.0962
10 1 D 70 s IS
2 D 3 83 87
3 D 55 0] 63
Averaged &3 3 73 Tl 0.4
5 1 D 44 46 51
2 D 53 61 65
3 D 57 a0 62
Averaged 53 56 5¢) 56 0.179

D = Discarded
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LIQUID
—JIESTED

6
10 cells
per ml,

Table No. 46 = Continued

PRESSURE  FILTER
(PS1) NO.
25 1
2
3

Averaged
5.0 1
2
3

Averaged
10 1
2
3

Averaged

AVERAGE

AVERAGE

—TIME (SECONDS)/10 ML,
Q-lO 10-20 29—3 30-1& SQ VALUES 2 AOWN RATE

OO o wlw w)

vl wRw
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ml.
8
40
b1

16
15
16

16

RRE

=

26
41

42

16
16

ERF

=

27
60
42

17
17

l.._ﬁ
-3

16

PRE

ml/sec

0.238

0.625

0.910



Table

LIQUID PRESSURE

IESTED

(PSI)

No. 47 = Flow rate test on HA membrane filter

FILTER
NO.

Distilled
water

102cells

per ml.

D = Discarded

2.5

5.0

2.5

5.0

1

2
3

Averaged

1
2

3
Averaged

1
2

3
Averaged

1
2

3
Averaged

Awr .

mil.

lwiwlw)

O oo

O 0o

lwlwlw)

(13 mm.) under different pressures.
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JME.éS_Egg_QNDS),LJ.a.L VERAGE AVERAGE
O=46 I6= 20-30 30-Y40 VALUES) AON RATES
ml. ml. ml. ml/sec
22 8 ¢
60.0 gg 60
60.5 H59.3 9503 59.7 0.167
De B
43 4 4
434 43 43 43.6 0.229
26 25 20
25 ol 25
25 28 ey
53 Db 260 25.6 0.301
B ¥ &
62
56 56 58
56 5.6 59.3 57.6 0.173
38 39 4o
39 40 4
9 41 41
B.6 ko 40.6 3.8 0.1



Table No. 47 - Continued

LIQUID PRESSURE  FILTER  __TIME (SECONDS)/10 ML, AVERAGE AVERAGE
TESTED (PSD NO. O=t6- 19=26 20-30 30-40 (9 VALUES) FLOW RATES

ml. ml. ml. m. ml/sec
10 1 D 26 26 26
2 D 2l o4 2k
3 D 23 23 2U
Averaged 243 243 246 A4 0,410
104
cells 25 1 D 58 %% gg
ml. 2 D
Per 3 0B B ¥
Averaged %.7 58.3 5.3 5.1 0.172
5.0 1 D 0 4o e
2 D 4 49 50
3 D ﬁ ﬂi 46
Averaged 1 4 4.6 0.224
10 1 D 30 30 31
2 D 26 28 28
3 D 22 23 22
Averaged 26 27 27 2.7 0.374
100 cells 2.5 1 D 67 A 198
l. 2 D 180
ber 3 B &5 ¥ @
Averaged 62.7 77.7 179.3 106.6 0.0939
5.0 1 D U2 51 105
2 D 40 o/ 90
3 D 43 7B 170
Averaged 41.7 748 121.7 74.8 0.13%4
10 1 D 27 35 29
2 D 31 Yo /3
3 D 26 34 53
Avevaged 28 37 60.3 41.8 0.239
D = Discarded
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Table No. 47a = Flow rate test on HA membrane filter
(25 mm.) under different pressures.

LIQUID PRESSURE FILTER TIME (SECONDS)/10 ML. AVERAGE
TESTED (PS1) NO. 0210 10-20, 20-30 30-140 (9 VALUES)
~ ml. ml. ml, ml.,
Distilled 25 1 D - 10 11 11
water 2 D 10 11 11
3 D 11 12 12
Averaged 10 11 11 11
5.0 1 D 7 7 7
2 D 8 8 8
3 D 7 8 8
Averaged 7 8 8 8
10 1 D 4 45 5
2 D 45 45 5
3 D 4 5 5
Averaged 4 45 5 45
1% cells 2.5 1 D 11 11 13
per ml. 2 D 12 12 12
3 D 11 11 11
Averaged 11 11 12 11
5.0 1 D 8 8 8
2 D 7 7 8
3 D Ie 8 8
Averaged 7 8 8 8

D = Discarded
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Table No, 47a = Continued

LIQUID PRESSURE  FILTER TIME_(SECONDS) /10 ML. AVERAGE AVERAGE
TESTED (PS1) NO. Q.10 10.20 20-30 30-40 (9 VALUES~ HON RATES
ml, ml. ml, ml, ml/sec
10 1 D 4 5 5
2 D 4.5 L5 4.5
3 D 4.5 4.5 4.5
Averaged 4.5 4.5 4.5 4.5 2.2
]D4 cells 2.5 1 D 12 12 1
per ml. 2 D 11 11 12
3 D 10 11 11
Averaged 11 11 12 11 0.9
5.0 1 D 7 8 9
2 D 7 8 9
3 D 7 8 8
Averaged 7 8 9 8 1.5
10 1 D 4.5 4.5 4.5
2 D 4.5 4.5 4.5
3 D 4.5 4.5 4.5
Averaged 4.5 4.5 4.5 4.5 2.2
106 cells 2.5 1 D 12 12 12
per ml. 2 D 12 12 12
3 D 12 12 12
Averaged 12 12 12 12 0.833
5.0 1 D 7 8 8
2 D 1 7 I
D 7 7 I
Averaged 7 7 7 7 1.43
10 1 D 4.5 4.5 4.5
2 D 4.5 4.5 4.5
3 D 4.5 4.5 4.5
Averaged 4.5 45 4.5 4.5 2.2
D = Discarded
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Biological tests have resulted in a preference for the
filter made from mixed cellulose esters (HY), since it can be
dried without curling and, although soluble in DMSO, it does
not inhibit seriously the ATP assay sensitivity. The rayon
filters were insoluble in DMSO and in any of the other reagents.
They curled and cracked badly during drying and were found to be
more fragile and difficult to handle at other times.

Tests have also shown the 13mm. size to be adequate for
collecting the small amount of particulate matter resulting from
the assays. The use of cellulose esters (Millipore type HA) has
therefore been shown to be feasible both from the biological and
the engineering viewpoints. The filter size has been tentatively
selected as about one-half inch = 13 mm,

Holding these filters in the instrument and removing them
for read-out will constitute a major engineering design problem.
Several schemes for doing this have been considered and discussed
in Section D., below.

One important objective of any further engineering should
be the development of a workable system for removing the filters
for read-out.

6. Valving and piping

No matter what type of fluid prime movers and filters are

chosen, some remotely -actuated valving will be required to control

the flow. Check valves will be required at selected points to prevent

reverse flow of reagents, i.e., from reaction chambers back into

storage chambers. |f reagents are not stored under pressure, but instead

H
a
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the pressure for fluid transfer is provided after landing, then
remotely aectuated valves may also be needed to connect the gas
pressure source to the reagent storage units before operation is
possible. This latter situation is preferable since even a
minute leak could be very significant over the eightlnonth
storage time.

The type and number of valves will be determined by
general guidelines which in every case should provide that:

1. The smallest possible number of valves be used.

2. The smallest physical size possible be used.

3. The lowest possible energy requirements for

remotely actuated valves be used.

4. The construction materials must have chemical

compatibility with reagents.

If electrically operated valves are selected, the energy
requirements may be minimized by using magnetic latching and
unlatching. The use of stainless steel or plastic construction
should satisfy the chemical compatibility requirements.

Piping or tubing should be short and of the smallest
diameter consistent with desired pressure drop in order to
minimize the volume of entrapped fluids. The requirement for
chemical compatibility exists here also, and stainless steel or
plastic may be satisfactory. For a flight instrument there is the
additional requirement that tubing design be able to withstand the

forces encountered during acceleration periods.
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In order to form some idea of the minimum tubing diameter

which could be used for an AMML design, testsof the pressure-flow
©,023
rationships through a 1inch length of 20 ga,¢6=23 in. ID) needle«tubing
were performed. The resulting data are shown in Table No. 48  From
this mean.flow rates were calcuated and plotted against pressure in
Figure No. 26. The pressure flow data for filters shown in Figure
No. 25, shows a flow rate of about .4 ml/sec. at 10 psi for a 13 mm.
HA filter. Figure No. 26 indicates a drop of less than .5 psi
for the same flow rate through the tubing. For the conceptual
design of an AMML, it can therefore, be assumed that the only
attenuation of fluid flow takes place across the filters.
7. Seals

All tubing connections will require fluid seals but at
the probable operating pressures within an AWML, most of them pose
no particular engineering problem except chemical compatibility.
One interface requiring a fluid seal which could cause design
problems, however, is that between the filter and the mount which
holds it in use. The complications arise from the requirement for
the instrument to be capable of removing the used filters for drying
and read-out. Selection of the best system configuration should
consider the means of effecting this seal.

8. Reaction Chambers

Generally, reaction chambers should be few in number and
small in volume to minimize size, complexity, and reagent storage
volumes. Where possible, reaction chambers should be integrated with

other devices, i.e., reactions should take place in chambers that
1
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PRESSURE

psi.

Table No. 48 = Distilled Ho0 flow rate through

(gage)

20-ml. syringe and needle

AVERAGE
VOLUME TIME HON RATE
ml. m17sec.
1st 5 55 sec.
2nd 5 55 sec.
3rd 5 1 min. & 15 sec.
4th 5 1min. & 35 sec.
20 4 min. & 40 sec. 0.0715
20 14 sec.
20 19 sec.
20 19 sec. 1.18
20 15.5 sec.
20 145 seec.
20 15 sec. 1.33
20 11 sec.
20 11.5 sec.
20 11 sec. 1.78
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serve multiple functions. The construction materials must be
chemically compatible with reagents. Stainless steel, or
plastics such as TEE should be satisfactory.
9. Dryers

In order to get consistent and repeatable results from
measurements of the radioactivity of particles on the filters,
it is necessary to provide a means of drying the filters. This is
due to the increased absorption of beta particles within a wet
sample. The reduction in efficiency could be accounted for
arithmetically, if the moisture content could be measured or
controlled accurately. Observations in the laboratory have shown
that the simplest way to accomplish this, however, is to reduce
the moisture content to zero percent. This will provide consistent
and repeatable results which correlate well with the biological
parameters to be estimated. In the reduced atmospheric pressure of
Mars, very little heat will need to be added to cause the water in
the filters to boil off. In fact, if the operating temperature of
the experiments is maintained at 26° C, the vapor pressure of water
will be 25.20 mn, Hg. (Ref; 143 page D-94), well above the estimates
of surface atmospheric pressure on Mars -.about 5 mb.or 3.8 mm. Hg. (16)
(see Section B.). Moisture remaining in filters would boil off
immediately upon exposure to ambient pressure. This boiling off would
occur at all temperatures above about 2.6° C. in such a pressure
environment. The experiments should be conducted at a higher temperature
than this to insure proper viscosity of reagents and, based on terrestrial

experience, to increase the likelihood of growth of organisms collected.

]
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Thus, it would seem that the best method of drying filters would
be to provide a means of exposing them to ambient pressure just
prior to read-out. The addition of small infrared sources would
provide a means of speeding up the boiling process. Heaters and
infrared dryers have both been tested in the laboratory and :the
infrared technique found to be preferable to heaters for drying
filters containing cells, since the cells are raised to lower
temperatures and less ATP iscdestroyed in the process. The
concept developed here is based on the assumption that drying will
be effected by exposing the filter to atmospheric pressure and that
the operating temperature will be about 26° C.
10. Read-out

a, General

One of the life detection techniques considered depends
on biochemical reactions which are accompanied by the emission of
light. In particular, the presence of life is inferred by the
presence of adenosinetriphosphate (ATP), which in turn is an
absolute requirement of the luciferase-luciferin system in the
firefly bioluminescence. Consequently, there is a requirement in
life detection instrumentation for the detection of light.

The other life detection techniques considered depend on
metabolic uptake or respiration of chemicals which may be tagged

14

with radioactive tracers. In particular, ¢ and 353 have been used

in this program. Tracers of these elements may be detected by
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application of conventional methods, including scintillation
materials which in:turn emit light.

The extraterrestrial application of this instrument
Imposes severe restrictions in size, weight, and power requirements
so that the use of one single device to read-out the results
of several separate methods becomes attractive. The electron
multiplier phototube, or photomultiplier, has been used in prior
work using ATP bioluminescence and is in widespread use as a
scintillation detector. This section treate the engineering
problems associated with the application of photomultipliers in
an integrated instrument.

b. Bioluminescent Light Pulses (17)

The components and mechanism of the bioluminescent reaction
occurring in fireflies have been well established by the excellent
work of McElroy and his associates. Inbrief, the light emission in
bioluminescence is the result of the reaction of oxygen with an
oxidizable substrate (luciferin) catalyzed by an enzyme (luciferase).
Luciferin must First react with ATP before it can be oxidized with
light production. The total light emitted during the course of the
reaction is a function of the concentrations of luciferase, luciferin,

ATP, 0., and pyrophosphate. It has been shown that the rate-limiting

92
step is the reaction between ATP and luciferin. Therefore, In the
presence of excess luciferase, the maximum iIntensity is a direct
function of the concentrations of luciferin and ATP. By keeping
both luciferin and luciferase iIn excess, the maximum intensity of

the emitted light is theoretically proportional to the ATP concentration,
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A typical light response as measured with an oscilloscope
is shown in Figure No. 27, There are two ways in which the
bioluminescent response with ATP, as portrayed in the figure, can
be expressed. Ore is by measurement of the maximum intensity of
the emitted light, which after reaching this maximum value,
decays exponentially. With all other factors constant, the maxamum
intensity is directly proportional to the concentration of ATP. The
alternative manner of expressing the response is by integration of
either a part or all of the total amount of light emitted, i.e.,
area under the light intensity curve.

From the engineering point of view, four parameters or
properties of the light emission pulse are significant:

A. Rise time

B, Maximum amplitude

C. Decay constant

D. Spectral distribution

Taking the last property first, McElroy and Seliger (18), have
investigated the spectral emission of several species of firefly under
a variety of conditions. A typical emission spectrum iS shown in
Figure No. 28. The emission spectrum ranges from about 5000 to 6300
angstroms with the peak around 5600. The peak is slightly different
for different species of fireflies and can be shifted by varying the

pi. Although the emission peak does not coincide exactly with the
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response peak of any commercially available photomultiplier, those
tubes having S-20 response adequately cover the band. $-11 response
also covers tge spread, but at a lower relative luminous sensitivity
than the S-20 .

The other three characteristics, rise time, maximum amplitude,
and decay constant of the resultant current pulse are of greater
significance in the design of the signal processing circuit, than in the
selection of the photomultiplier itself. Once the spectral response is
specified, the photomultiplier tube is selected on the basis of maximum
sensitivity and minimum noise. To select the photomultiplier, an
initial screening of manufacturer"s data sheets for tubes having high
sensitivity and low noise is made. Then a Eigure of merit consisting
of the ratio of the current amplification (gain) to the equivalent noise
input can be calculated for each candidate tube. The tubes with the
highest figure of merit are then ranked in order of lowest luminous
equivalent of anode dark current. If necessary, the choice can be
further limited by mechanical or economical considerations.

The length of the pulse of light from the bioluminescent
reaction is of the order of seconds. The rise time has been described
loosely as ''instantaneous', The amplitude has been found, under certain
conditions, to be proportional to the amount of ATP present; and the
decay constant appears to be a function of several things, among which
are the concentrations of the reactants, the speed and mode of mixing,
temperature, and some not too well understood properties of the enzyme
itself. Generally speaking, the light is so bright and lasts so long that

a photomultiplier in any reasonable circuit cannot help but 'see ¥t.
*

The term "‘sensitivity'’ has been used iIn two different senses by
authors in this field. Tre biochemist has used the term to mean

the minimum (threshold) amount of ATP (or sometimes the minimum number
of cells) detectable by a particular bioluminiscence instrument, while
the engineer uses the term to express the ratio (slope) of the
photomultiplier current per unit incident light flux.
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c. 80, and PO, Uptake

As described elsewhere in this report, the metabolic
uptake of 80, and PO4 is measured through the use of radioactive

tracer techniques. SO, is measured directly, using 355 tag, while

4
PO, is measured indirectly, since the isotope 32P has a half-life

of 14 days which is short relative to its practical use. Consequently,

the residual ("un-uptaken") PO4 IS precipitated with triethylamine

tagged with 14c, 358 and 14C: emit beta at 168 and 156 kev, respectively.

(1) Geiger-Muller Tubes

Since gaseous (ionization) detectors can be made to count
beta with almost 100%efficiency, either a proportional counter or a
Geiger-Muller (GM) tube could be used to determine the presence of
355 and mc. Although a proportional counter would give the
additional information to discriminate among events of different
ionization capability (e.g., cosmic radiation), the desirability of
getting large pulses favors operation above the Geiger threshold.

The @1 tube was the detection element for the Gulliver instrument which
detects respired tagged COZ'

@4 tubes do have window problems (19), The lower energy limit
for a mica or aluminum window is about 35 kev. Thinner windows. are
subject to pinholes which leak gas. The gas pressures, which must be
maintained at a constant value, are of the order of 2 or 3 em. of Hq.

If the pressure is too low, the GM tube will not count the lower energy
betas. The gas consists af an inert component, such as argon, plus
a quenching gas, often organic. Ower a long period of time, the filling

H
a4
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gas is not only subject to leakage, but can change composition if
any contamination (e.g., solder flux) is left inside the tube,
Because of these problems, but more importantly, because of ‘the
desirability to use a common read-out system, GM tubes are not
included in the detailed engineering concept for AMML.

(2) Scintillation Detectors

The advent of the photomultiplier led to a revival of the
use of scintillation materials to detect energetic particles. In
general, the: scintillation counter has the important advantages of
short resolving time, high efficiency and energy discrimination
capability. The pulse height is essentially proportional to
the energy of the incident particle, This property suggests that
these detectors should be extremely useful for weak radioactive
sources. However, inorganic crystal scintillators tend to scatter the
low energy beta before the particles lose all their energy to the
crystal. Organic crystal scintillators are better in this respect.
Indeed, the efficiency of scintillators is usually expressed as the
relative efficiency referred to anthracene. Table No.#%9 lists the
relative efficiency of several scintillators. Of these, NaI(Tl) and
CsI(Na) are soluble in water and were not considered further.

Table No. 50 lists properties of materials considered.

Tests were made with all three materials listed. |In spite

of its light weight, low cost, transparency, and convenient geometries

possible, the relatively low response of the Pilot "B" resulted in

its early elimination. CaF;(Eu) is very attractive due to the
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*
Table No. 49 - Relative response of scintillating materials .

RELATIVE PULSE FEAK
HEIGHT EMISSION

m,
NaI(TI) 210 410
Csl (M) 178 420
CaF, (Eu) 105 435
Anthracene 100 440
Pilot "B 68 Lot
Stilbene 60 410

*
Adapted from information supplied by manufacturers.
** patented plastic scintillator manufactured by
Pilot Chemicals, Inc,, Watertown, Meass.
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Table No. 50 - Properties of selected scintillating materials.

CaFp (Eu) Anthracene Pilot "B"

Rel pulse ht. 105 100 68
Decay const. ysec 11 0.032 0,002
Density g/cm> 3.165 1.25 1.02
M, Wt. 78.08 178.23
Softening Temp. °c¢ - - TO-T75
Melting Temp. © C. 1418 216.2 -
Refractive index 1.47 1.59 1.58
Solubility:

Water i i i

Lower alcohols i i i

Aromatic solvents i sl-s S
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following properties;

a) It is very insoluble and inert and can be in direct
contact with most solvents, including DMSO.

by M has a low vapor pressure and high melting point,
making It attractive for space application.

© [Ithas excellent transparency and a low index of
refraction.

d) It has lowmolecular weight and reasonably low atomic

number elements, making it a good beta detector.

On the other hand, anthracene has a low time constant. In the test
made, anthracene also gave a much lower background count than did
CaFZ(Eu) (Table No. 51), As mentioned earlier, the thickness of
the anthracene was of the order of 15 mils, which should be adequate
for the low energy beta of 355 and 140. The Can(Eu) was much
thicker - a quarter inch - which is unnecessarily thick for this
purpose and contributes principally to degradation of the signal-
to-noise ratio by added fluorescence and scattering. Anthracene

IS not as transparent nor as mechanically rugged as CaFZ(Eu) , and

it is still felt that CaFZ(EU) iIs the preferrable material. During
the breadboard stage of AMML, the optimum thickness for the Can(Eu)
crystal should be determined to get the best balance between
minimum background count and maximum energy absorption for 140 and
358 beta. Then the time constant of the photomultiplier load
circuit should be adjusted to get the best balance between long for
Can(Eu) and short to avoid loss of counts due to closely spaced
disintegrations. i
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Table No. 51 - Background counts with
various scintillators

SCINTILLATOR

__MATERIAL THICKNE BACKGROUND
in' Cpm*
CaF2(Bu) .25 141
CaF2(Bu) with 25
Al Wéndow .005 341
Anthracene .015 17
Pilot B .020 98
Pilot B .030 104

* Average of three consecutive readings on Nuclear-
Chicago Model 186 scaler, sensitivity setting 10 mv.
Optical coupling with photomultiplier was air.
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Tests were made to improve the optical coupling by
filling the space between the scintillator crystal, Can(Eu)
in this case, and the photomultiplier with microscope immersion oil
of refractive index 1.52, which very closely matched the crystal and
tube. As shown in Table No. 32, a decided improvement in counting
efficiency resulted. For example, compared to the Nuclear Chicago
D-47, efficiency improved from 21%to 77% for a moderately active
14

C-triethylamine sample.

11. Timing and Control

Equipment must be provided to control the timing and
sequencing of the instrument. Its functions have been depicted in
Figure No. 29.

Since the series of observations for all' experiments
will be separated by many hours, most equipment can be turned off
between samples to conserve energy. Therefore, it will be necessary
to provide switching to energize equipment at the appropriate
times. Wherever possible, switching should be of solid state design
to reduce size, weight and power requirements. If relays are
necessary to switch relatively large currents or high voltages they
should be miniaturized.

Control of switching would be effected by a programmer
where the master operational sequence, or program would be stored, and
read. This should preferably be of solid state, electronic design
to minimize weight and power requirements. |f servomechanisms are
needed for precise, continously variable control of any operation, a

servo control unit, also electronic, controlled by the programmer will
1
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Table No. 52 = Effect of optical coupling

HAZLETON INSTRUMENT

D)H WITHOUT OIL* WITH OIL

cpm cpm % com %

Background -- 141 - 283 --
*ok

Sample No. 1 969 175 ¢ 18 522 54

Sample No. 2 8346 1748 21 6430 77

*

% Ol was Cargille's Type B immersion oil, refractive index 1.5150
14¢ on filter paper
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be needed. If it is desired to modify the program during use,
a command receiver link with Earth will be needed. Timing events
or data must be provided to the programmer by a master clock.

Feedback, either in the form of error signals (for servos),
voltages (for power switching), or microswitch closures should be
used wherever possible to provide the most positive means of
controlling operations.

The specific configuration of the instrument will have a
large effect in determining the complexity of the timing and control
subsystem, This complexity will result not only from the number
of steps of the chemical process but from the operational mode in
which subsequent observations are obtained. There are two general
fundamentally different modes to obtain subsequent observations; to
reuse reaction chambers after suitable cleaning, or to provide an
unused replicate set of chambers for each observation. The first
method would result in a considerably simpler, smaller, and less
massive instrument. |If the latter method is used, due to difficulty
in cleaning or other considerations, the instrument will be more
complex and larger and the timing and control system will also be
more extensive. Both alternatives will be discussed further in
Section D.

12. Signal Processing, Data Storage and Telemetry

Data obtained from the observations must be processed,

possibly stored, and telemetered to Earth. Signal processing circuitry

must be provided for AMML equipment but data storage and telemetry may

s
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be shared with other experiments on board by suitable multiplexing.
Data storage helps to prevent the loss of data and
allows the use of narrow band telemetry equipment, thus lowering the
intelligence frequencies which must be transmitted.
These problems are beyond the scope of this contract, but
it should be kept in mind that the output signals must be
compatible with these requirements.

13. Other System Reguirements

Other requirements of an amL will be summarized briefly.
At present there are no quantitative limits set on these requirements
and they can only be discussed very generally at this point. These
limits can be established after the spacecraft and booster detailed
capabilities are known.

With the possible exception of the timing unit, it will
not be necessary to operate any of the AVML equipment during the
eight-month cruise. Periodic operationmay be desirable from the
reliability viewpoint, but not for data collection. Thus the AVML
equipment might be carried through most of the journey at a low
temperature. |If one end of a spacecraft axis were always oriented
toward the sun, as inMariner IV, it would be possible to maintain
such a low temperature by pointing a black body , which acts as a heat
sink for the AVML equipment, into empty space, thus reducing the
power required for eavironmental control during the journey there.
This would have the additional advantage of inhibiting the growth
of any microorganisms which survived the sterilization procedure

before a launch.
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It is planned to conduct the experiment at about 26° C.
since this temperature lies within the diurnal cycle on much of
the Martian surface and any organisms found should be able to
withstand 1t. Furthermore, this temperature is on the high side
of the diurnal cycle and since terrestrial organisms grow best
in a range of the higher temperatures which they can withstand,

It has been assumed that on Mars also, this temperature may be
conducive to growth.

In order to bring the iInstrument and reagents to the
operating temperature, environmental control equipment must be
provided and activated well in advance of landing, possibly
several days. The enzyme storage chamber must still be kept cold
(less than -10° ¢.), however. The temperature control equipment
must also operate continously during the hours in which the AMML
operates. Power requirements are at a peak for short periods
(perhaps 10 minutes), while an observation is being made and then
reduced to that used by temperature controls, timing and control
equipment which must be kept energized to control operations.
for intervals of several hours. Telemetry and signal processing
will probably be energized only at specific times, also to reduce
power requirements.

There is also a requirement for reliability engineering to
be performed when an AMML is built. The probability of failure of
individual components must be kept at a minimum and the interconnection

of components such as the reliability of the system is preserved.
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Reliability goals should be established quantitatively by means

of statistical probabilities in accordance with current technology.
The probability of successful operation of a life detection
instrument in an unknown ecology may already be quite low without
further degrading it with a high probability of system failure.

At this point, reliability can only be considered qualitatively

by assuming that the simplest systems are usually the most
reliable.

14. Sterilization

The final requirement to be mentioned is that of
sterilization. The Committee on Space Research (COSPAR) of the
International Council of Scientific Union has recommended (20)

M. . ...s..that the basic probability of 1x 102 that
a planet will be contaminated during the period of biological
exploration.ceeeeeuns be accepted as the guiding criterion for the
exploration of Mars......... "

While research in spacecraft sterilization methods
continues, it has been learned to date that assembly in a sterile
laboratory followed by a heat cycle of 24.5 hours at 125° C. will
meet the above criterion for sterilization (Ref: 20,p.189).

The construction materials and the chemical reagents used
in an AYWL must therefore, be able to withstand a temperature of at
least 125° Cc., for what amounts to an indefinite period or some
equivalent means of sterilization found. 1t will probably be
possible to sterilize the assembled AMML, less reagents, completely

with heat as described, although ‘extreme care must be used in selecting

!
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electrical and electronic components and fluid seals, such as
O-rings. It will probably not be possible to use such a
sterilization technique on certain of the chemical reagents,

particularly the enzyme.

D. System Configurations

1. The Basic Module for One Operation

The purpose of this section is to present hypothetical
system designs, describe their sequencing through one operation
and evaluate them. One operation is defined as the processing of
one sample to determine So4 uptake, PO4 uptake and ATP content.
Each time the test is made, this operation must be performed at
least twice, once for a sample with incubating medium and once
for a control sample with poisoned medium. The experiment may consist
of replicate tests at stated time intervals, for a total of, say,
144 hours. (The intervals need not be equal). Such an experiment
would require seven tests, i.e., an initial one at time zero and SiX
replicates, for a total of fourteen operations. Two fundamentally
different concepts suggest themselves, each however, based upon the
application of a basic module which will perform the "one operation':
a. An apparatus consisting of an assemblage of non-
reusable basic modules equal in number to the number
of times the operation is to be repeated.(1l4 in the

above example) , or:

b. An apparatus consisting of two basic modules, one

for testxand one for control with provision for
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reusing them.

The choice is examined later; first the basic module
itself is considered, addressing the functions which need be
performed rather than gpecific hardware. The basic module
must :

a. Accept a sample

b. Filter out the cells

e. Determine directly the SO4 taken up by the cells

d. Determine the presence of ATP in the cells

e. Determine indirectly the PO4 taken up by the

cells by measuring the amount left in the filtrate

f. Present the above data in a form amenable to transmission

to Earth.

2. Reusable Reaction Chamber

A schematic diagram for a basic module of an instrument with
reusable chambers is shown in Figure No. 30. Measured volumes of
fluids are determined by positive displacement of pistons rather
than by flow rate through valves and, in general, pistons are
motivated by a pressurized inert gas rather than by electromechanical
means. These two general specifications contribute to simplicity ard
reliability, and minimize electrical power requirements.

The general scheme of operation is as follows: A sample
is mixed with a metabolic nutrient broth in the sample tank and allowed

to incubate. At predetermined time intervals, an aliquot of fixed

volume is drawn off into cylinder 1. This volume is then filtered to

1
4
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remove the cells, the filtrate going into cylinder 2, where it is

mixed with radioactively tagged triethylamine (hot TEA), and
an ammonium molybdate-perchloric acid mixture to precipitate the
remaining P04. The precipitate is filtered out and washed with
untagged triethylamine (cold TEA). The soq and precipitateéj PO4
filters are then dried and read by a scintillation counter to get
data to determine SO4 and PO4uptake.

Meanwhile, a tablet or pill of the enzyme luciferase has
been dissolved in Tris buffer in the ATP chamber and allowed to
stand to reduce the inherent light. After SO, uptake is read-out,

4
the so, filter is dissolved by DMSO to extract ATP. The solution

4
is injected into the ATP chamber and the resulting bioluminescence
read by the photomultiplier.

Removal of the filters for read-out and replacement for
subsequent observations would be facilitated by mounting the filters
in a tape and transporting them through the instrument with a tape
drive system (see Figure No. 31). The body of the instrument would
be manufactured in two parts which could be clamped shut to seal the
filter in or opened to allow its motion. Although the composition
and structure of the tape, i.e., tape made of filter material or
filter material mounted in a tape of some other material, would
require further study, no insurmountable problems are envisioned
in developing such a filtering system. In order to reuse the

chambers the instrument is flushed after each use. Laboratory tests

have shown two flushes with distilled water to be sufficient.

o
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The step-by-step operating sequence of this scheme

follows :

OPERATING SEQUENCE

Time
Step Action Min. See.

1 Inject enzyme tablet into ATP
reaction chamber. 0

Open Tris supply valve 15, filling
Tris cylinder.

Turn on power supply.
Open sample tank supply port 1, *
allowing sifted soil particles
to enter sample tank.

2 Operate normally vented 3-way 0-5
valve 16, injecting measured
volume of Tris into ATP chamber.
Close sample tank supply port 1. 0-5
Open broth supply valve 2. *
Admit O2 by valve 21.

Operate normally vented 3-way valve
5 to pressurized drain tank. a- o

Vent 3-way valves 7 and 10.
3 Open sample tank drain valve 6, -
X . 23 0
allowing sample aliquot to pass
through coarse filter and into
sample cylinder.
4. Close sample tank drain valve 6. 23 - 10

Operate 3-way valve 7,

Operate valve 9 to connect cylinders
land 2.

One time operation.}
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OPERATING SEQUENCE

Time
Step Action Min. Sec.

5 Open H,O0 valve 8, filling cylinder
#1 wit H,0. Vent valve 7. 23 - 2
Open Hot TEA valve 11, allowing TEA
to enter cylinder #2 until piston
follower reaches microswitch #1
position. Vent valve 10

6 Close H20 valve 8 and operate
valve 97to drain. 23 - 30

Open ammonium molybdate mixture
valve 12, allowing piston in
cylinder #2 to move to detent.

7 Operate 3-way valve 10, injecting 23 - 40
through filter catching precipitate
and draining filtrate into pressurized
drain tank.

Operate 3-way valve 7, injecting H20
through filters.

8 Open cold TEA valve 14, allowing 23 - 150
piston to move to microswitch
thereby closing cold TEA valve.
Immediately afterward operate valve
12, to admit ammonium molybdate. Vent
valve 10.

9 Inject cold TEA through filter valvés o3 . gg
10 and 13 to

10 Close drain tank input valve 13. 24 - 0

Open filter clamps = allow filters
to dry.

11 Read filters. 25 - 0]

12 Open SO valve 18, allowing 30 - 0
cylinder #3 to fill through
filter containing organisms ,
thus extracting ATP. Vent
valve 17.
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Step

12

13

14
15

16

17

18-19-20
21
22

The above sequence is presented in chart form in

Figure No. 32.

OPERATING SEQUENCE
“Action

Read inherent light level of
enzyme mixture.
Close DMSO valve 18.
Operate 3-way valve 17, injecting
the measured volume of DM with
extracted ATP into reaction chamber.
Read gross response.
Drain ATP chamber.

Vent 3-way valve 17, allowing
pressure to bleed off.

Open H 0 valves, 8 and 19,
allowigg H,O0 to Fill DMSO
cylinder #& and sulfate
cylinder #1,

Flush cylinders 1 and 3 with water
operating valves 7, 9, 10, 17, and
20.

Flush cylinder 2 by operating valves
10 and 13.

Repeat steps 15-16-17. Vent valve 5.
Close valves 13 and 20.

Return all valves to normally
deenergized positions.

Wait required interval for

next sample then begin next
sequence.
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Min, See.
30 = 0
30 - 5
30 - 15
30 - 25
30 - 28
30 - 32
30 = 36
30 = 47
33 - 0



T()-gm WARM 80,-P0), UPTAKE DET. ATP pET, WASH 1 ASH 2

ek 1m> 2_3 & 5 6 7 8 9 10 311 12 i3 ik 15 i 17 18 19 56 2L 22

MIN 0 0 23 23 23 23 23 23 23 2F 25 30 30 30 30 30 30 30 30 30 30 33
FUNCTION | VAIVE| SEC 0" 5 0 10 20 30 4050 55 0 0 "0 5 15 25 28 32 36 39 k3 k7 O

“Admit sample . 1 X ©
Broth supply 2 | X o
Gas supply 3 )< (: -

- Press. drain 5 ' O <)\ _ })“'
De-press drain 5 HH)“'«
Admit sample 6 O
Vent cyl 1 7 <)—-‘—(K } - 4 /H }:

Press cyl 1 ’ T . } \ \< \

Admit vash HyO 8 ¢ o ¢

Cyl 1 to cyl 2 9 A ' A A

& .

Drain cyl 1 9 o4

Vent cyl 2 10 O O R S0 ot
Press. cyl 2 10 ) \ X{ \
Admit hot TEA 1 q ]

Admit NHy, molyb, 12 ¢

Drain eyl 2 13 ¢ ¢ ¢

Admit cold TEA 14

Dry filters O

Tape advance 0|0 )
Read filters : ) /\

Read ATP o o—O p
. Admit enzyme ‘)

Tris supply 15 (>

Inject tris 16 (] ,

Vent ¢yl 3 17 <> >\ A N K } ;
Press cyl 3 17 ) \‘ \ ‘

 Admit DMSO 18 q

"Admit wash EpO 19 ,

Drain ATP chamber 20 | . ' o0 OO
Adnit 0, 21 o ‘

Power on (; -
’ Recycle to step 1 0

Figure No. 32 « Operational Sequence, Reusable Chambers
3
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3. Non reusable Reaction Chambers

Of the great variety of configurations in which a
basic module that is not reusable may be laid out, three are
discussed.as practically-attainable systems: A grid, adisc or
wheel, and ‘a eareusel ' arrangement, (see Figures No. 33
34, and 35), .« In each case,
the design is to an objective of an initial test plus SiX
replicate tests for a total of fourteen operations. Since the
basic module consists of three read-out positions (804, POZL and
ATP), each arrangement consists of a total of 42 positions.

In all cases, the basic module will not require
the water-washes but will require addrtional piping and valving
to all the modules and will require relative motion between the
detector and the greater number of read-out positions. The
increased number of valves, in particular, adds significantly
to the size and weight. Another disadvantage of the array type
of instrument is the requirement to distribute equal sample volumes
to all SO4 cylinders.

All the matrix configurations have problems of fluid trans-
fer, i,e., how to push and meter fluids under all conditions of
attitude and degrees of gravity, and how to overcome the vapor

pressures associated with the reagents at, say, 26° C., which are

high compared to the Martian atmosphere.
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Photomultiplier movement

Figure No.33 - Grid concept
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In order to find some way to avoid having to open the
instrument '"sandwich fashion™ , whether grid , wheel , or carousel.,
some thought was also given to designing the cylinders so that
the filter moved with the piston as in Figure No. 36. This
complicates the design of the piston cylinder, and valving but
could be developed should it be decided to reuse reaction
chambers.

In this design, the drive piston would probably need
to be double-acting, since it must move up to force the filtrate
through the membrane, then down to eject the filtrate from the cylinder,
and back up to place the radioactive samples near the scintillator.
A check valve in the stem prevents reverse flow. The 3-way valves
used to control piston movement must be replaced by a 4-way valves
However, there is still a great deal of similarity between systems
and in their sequences of operations (See Figure No. 37 and No. 38).

Since chambers are not reused, the flush sequence is
omltted and it iS unnecessary to drain the reaction chambers at the
end of the sequence. While a drain sequence has been shown in order
to empty the wastetank, it contains only the wash water and cold TEA
used to rinse radioactive particles from the cells and precipitates
prior to being monitored. |If the wastetank had sufficient capacity,
it need not be emptied, thus saving a little time and energy. A
pressurized wastetank is still retained as in the previous design to
prevent flash evaporation of filtrates leaving undesired salts on
the filter surfaces. Also in this case, there is no requirement to

advance or move filters, although the PM tube must be advanced. As

d
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Scintillation Crystol

Flushing Check Valve =~ |ntake Checl Valves
Filter . .
Filter Support Sample Cylinde
Check Valve— «— Drain Line
Vent
4 -Way Valve: X .« Double Acting
Supply Gas Cylinder

Figure N0.36 - Syringe with internally mounted filter
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ONE .
gﬁ wgni’m 50y,-PO), UPTAKE DET, | | ATP DET.
T , gé 25 gs gs 23 %“‘%‘H% "%%_%33‘%2'!?“’%3‘ %S 3 %g %‘8 §8
FUNCTTON VAIVE |ISEC O 5 L4 50 55 0 10 20 25 30 40 45 50 50 50 55 0 5 1o 15
Admit sample 1 x O 1
Broth supply 2 | % 1)
Gas supply 3 X ©
Press. -drain 5 (} ‘K . D
De-press, drain 5 - \‘H{
Admit sample 6 0
Vent cyL 1 WEET | g ' - , N
Press eyl 1 ‘1"3;:: T 1 $_._
Admit wash H,0 8 ]
.Cyllto eyl 2m 9 & A
Drain cyl 1 9 ‘ \QY
Vemt oyl 2 uper | 10 # 4
~ Press éyl 2 “{gll::; 10 i 4 ”
Admit hot TEA 1 ©
| Admit N, moly 12 ]
Drain eyl 2 13
Admit cold TEA 1k 0]
Dry filters 13,17 )
Advance PM tube <P
Read filters ~
Read ATP O
Admit enzyme 4 ]
Tris supply 15 ]
Inject Tris 1 16 0]
0, supply 19 ®
Admit DMSO 18 {
Inject ATP 17
Power on O 4
Recycle to step 1 - 0}

E

Figure No. 38 - Operational Sequence, Throw-Away Chambers



Y [

N—ri_-_4

predicted, the fluid transfer sequence is more involved and
slightly longer but the total power-on time is about the same
(ca 30 min.) and the number of remotely operated valves is about
the same.

While this piston/cylinder design, i.e., with scintillation
crystal as the cylinder head could also be used on grid, wheel and
carousel configurations, the carousel'is .preferable, since motion
at the »1 tube detector could be limited to one or at most, two
degrees of freedom.

It should also be noted that provisions must be made
to Vent the sample side of the piston in order to dry the filters.
This can been done by making the drain valves (13 and 17) 3-way
instead of 2-way valves, thereby adding a vent position in their
sequence.

4, Selection of a Design

Of the four system designs considered, the version with
reusable reaction chambers and regplaceable filters mounted in a tape
seems the most practical for development. It requires the least
hardware, particularly moving hardware, of the four, with the same
volume of reagents required. The only difference in chemical storage
requirements is to carry additional distilled water to allow flushing
between observations. Choosing this approach should therefore, result
in lower weight, smaller size, and higher reliability than any of
the other three,

Electrical power requirements and requirements for power

from other sources should be about the same for all four designs. All
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of the configurations would require continued development at similar
levels and none is considered beyond the state of the art
electromechanically. Support equipment required, 1., e., signal
processing, control logic, storage chambers, etc., ean be expected

to be greatest in the system with most redundancy. This also points
to the advisability of the reusable chamber design. It is, therefore,
recommended that the first configuration described be considered

for further development.

5. Estimate of Weight, Size, and Power Required

An estimate of the weight, size, and power required for
an AML of the reusable chamber type has been compiled in Table
No. 53. To prepare this list the required components were listed and
their individual weights, sizes, and power requirements estimated.
The aum was then assumed to be a measure of the requirements for the
system. Individual requirements were calculated or estimated from
manufacturer's literature on similar equipment. It is anticipated
that these estimates are conservative, since flight hardware undergoes
extensive product engineering to minimize ita needs. Two figures
were developed, a maximum and a minimum for each parameter. The
maximum figure assumed valves with individual operating solenoids
would be used for remotely actuated valving. The minimum figure assumed
a valve block with one motor or solenoid to operate all 23 valves
could be developed. The latter course is definitely possible. There
is no requirement to actuate two or more valves simultaneously, although
some of the valve operations may be closely spaced in time; perhaps

as little as 5-10 milliseconds.
1
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The volume occupied by the system will be greater
than the um of the volumes of the components. However, even
if the packing density were as poor as 50%, i.e., 50%of the
total volume filled with hardware, it appears feasible to develop
an AMML that occupies less than 346 cu. in. of space, weighs about
10 to 11 pounds and consumes 5 to 11w. of electrical power 10
min. out of 30 at seven times separated by intervals of siX or more

hours, (i.e., less than 13 watt-hours of total energy).

VIII . CONCLUSIONS

A. Biochemistry

The biochemical phase of the present investigation has
yielded very encouraging results, although in some areas, more
work still has to be done to insure the confidence of the present
life detection system. The following parameters for monitoring
microbial metabolism through uptake of orthophosphate, sulfate and
ATP production have been established.
1. A single medium, RM9-35804, can be used to detect phosphate
uptake, sulfate uptake and ATP production by various microorganisms
and soil cultures.
2. Through the inclusion of a poisoned control culture,
along with the experimental culture, the presence of microorganisms
can be detected by comparing the metabolic aectivities of the experimental
and poisoned control cultures.
3. Direct inoculation of a prepared soil suspension as the
microbial inoculum into the test medium is feasible.

1
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4. Sulfate uptake is the most responsive detection system
among three tested metabolic activities. In either pure or soil
culture studies, sulfate uptake was generally recognized in a shorter
period, while phosphate uptake and ATP production generally required a
longer period of incubation to give pronounoed results.

5. Static conditions and 26° C. of incubation were selected
for growing the test organisms. The static condition provides the
growth of both aerobic and anaerobic organisms, while the 26° C.
was selected to simulate the highest likely diurnal temperature of
the Martian atmosphere.

6. Areas to be improved include:

a. Enzyme storage problem

This problem is very important as far as ATP detection is
concerned. A proper way to store the enzyme and to maintain maximum
stability of the enzyme is needed.

b. Test of the present detection system on more
microorganisms.

The Earth-born microorganisms comprise a great array of
rather diversified organisms. Autotrophs, as well as anaerobic organisms
and some organisms from extreme conditions, should be tested by
the present system.
c. Test medium
A uniform test medium should be prepared and its stability
during long storage periods should be tested.

d. Storage of reagents

Storage conditions, to avoid precipitation of reagents, or

to avoid their interaction with the storing container should be studied.

H
4
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e. Sterilization problem

The reagents, unless properly sterilized, cannot be
used for the purpose of life detection. Methods for sterilization
of the reagents, and especially of the enzyme, for flight mission
require a special technique. More research is needed in this
area.

B. Engineering

1. An automated microbial metabolism laboratory
integrating the determination of phosphate uptake, sulfate uptake,
adenosine triphosphate production, and carbon dioxide respiration
is feasible.

2. Such an instrument, incorporating the phosphate and sulfate
uptake, and ATP production and which would weigh not more than 5 kg.,
occupy not more than 6000 cm3 and require not more than 11 watts peak
power, could be built within the current state of the art.

3. The following problem areas represent severe limitations
and require further research and development:

a. The engineering aspects of pre-launch sterilization
and cruise stability of the enyme.
b. Miniaturization of reliable valving.

4. The following problem areas, while not representing severe
limitations, require further study, preferably during the "‘breadboard"*
stage of developing the instrument:

a. Optimization of scintillation crystal and optical
coupling for the photomultiplier.

b. Development of the filter tape and tape transport.

4
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c¢. Choice of materials, especially for piping and
chamber linings.
d. Development of the gas-driven syringes to meter

and pump the fluid reactants.

e. Selection of a reliable flight-qualified photomultiplier

tube.

IX . RECOMMENDATIONS

A. That additional research be conducted in the problem areas
listed under Conclusions, (Section VIII. par. A6 and B3 above).

B. That this program be continued into the exploratory development
phase, with the design and fabrication of an appropriate number of
"breadboard" models, which would lead ultimately to the incorporation

of these techniques into the Surface Laboratory of future planetary

. .
Submitted by Ofﬁe_u‘iﬁ/ Y, L A

ROBERT E. KIMBALL, Ph.D.
Principal Investigator

/ , o / R
Kl i (/4/ _ s@qﬁm 0. %)

INES — s
CHI-SIN CHEN, Ph.D.

lander missions.

—

Senior Microbiologist Senior Electronics and Systems
Engineer
Revisep SHEET
7/ /



10,

139

REFERENCES

Radioisotope Biochemical Probe for Extraterrestrial Life, Annual Reports,
NASA Contract No. NASr-10, Hazleton Laboratories, Inc., Falls Church,
Virginia, 1962-66.

McElroy, W. D. and Glass, B, eds., A Symposium on Phosphorus Metabolism,
Baltimore, The Johns Hopkins University Press, 1951,

Ketchman, B. J., Phosphate in Life Processes in: Phosphorus and its
Compounds, Vol. II, Van Wazer, ed., P. 1283 et. seq., New York,
Interscience Publication Incorporated, 1961.

Levin, G. V, Metabolic Uptake of Phosphorus by Sewage Organisms,
doctorate dissertation, Baltimore, The Johns Hopkins University, 1963,

Roberts, R. B, et al., Studies of Biosynthesis in Escherichia cali,
Washington, Carnegie Institution of Washington Publication, pub. 607,
19555 §

Standard Methods for the Examination of Water and Waste Water, 1lth
ed., New York, American Public Health Association, 1930.

Sundermen, F. and Sunderman, F., J., Method for Lipid Phosphorus in
Serum in: Lipid and the Steroid Hormones in Clinical Medicine, ed.
by Sunderman, F., and Sunderman, F., Jr.

Sugino, Y. and Miyoshi, Y, The Specific Precipitation of Orthophosphate
and Some Biochemical Applications, J. of Biological Chemistry 239,
2360-236k4, 1964,

Setlow, R. B. and Pollard, E. C, Molecular Biophysics, Addison-Wesley
Publishing Company, Inc., p. 16, 1962.

Development of the Firefly Bioluminescent Assay for the Rapid Quentita-
tive Detection of Microbial Contamination of Water. Final Report on
Air Force Contract A—33( 615)-3996, Hazleton Laboratories, Inc., Falls
Church, Virginia, 196/.

Lampen, J. O, Roepke, R. R, and Jones, M. J., Studies on the Sulfur
Metabolism of E. coli, Archives of Biochemistry 13, 55, 1947,

Postgate, J. R, Recent Advances in the Study of the Sulfate-Reducing
Bacteria, Bacteriological Reviews 29, 425-LL1, 1965,

Lovell, R. T., Holstein, W. H, Jr., and Jordan, T. F, TFE-FEP

Fluorocarbons, Machine Design, Reference Issue, Plastics 38, 14, Cleveland,
Ohio, Penton Publishing Company, 19365.

205



14.

15.

16,

17.

19.

20.

21.

Handbook of Chemistry and Physics, 46th Edition, edited by R. C. Weast,
S. M, Selby, and C. D. Hodgman, Cleveland, Ohio, The Chemical Rubber
company, 1964, 1965.

Gerathewohl, S. J., Principles of Bioastronautics, Englewood Cliffs,
New Jersey, Prentice-Hall, Inc., 1963,

Extraterrestrial Life: An Anthology and Bibliography, compiled by
E. A Shneour and E. A. Gttensen, National Academy of Sciences, National
Research Council, Publication 1296A, 1965,

The Design and Fabrication of an Instrument for the Detection of
Adenosine Triphosphate (ATP), Final Report on Contract NAS 5-3799,
Hazleton Laboratories, Inc,, Falls Church, Virginia, 1966.

Seliger, H. H and McElroy, W. D, Light: Physical and Biological Action,
New York, Academic Press, 1965.

Cook, C. S., Experimental Techniques in Beta-Ray Spectroscopy, in
Nucleonics 11, 12; 12, 2, 1953 and 195k,

United States Space Science Program Report to Cospar, Tenth Meeting,
London, England, Washington, D. C, National Academy of Sciences, National
Research Council, 1967.

Bruice, R. B, Robbins, A. J., and Tuft, T. 0, "Fumigent Residues.
Phosphine Residues from Phostoxin-Treated Grain." Ag. and Food Chem. 10,
18-21, 1962.



APPENDIX |

THE HAZLETON INSTRUMENT

The laboratory apparatus referred to in the text as the
"Hazleton Instrument' (to differentiate from other detectors reported in
the literature as the "EMR Instrument,'" the "DuPont Instrument' and the
'Wright-Patterson Instrument'™) is a light detector designed to be used
with both bioluminescence and scintillation techniques. The detector con-
sists of a photomultiplier tube (Fairchild-Dumont type KM2485) in a suit-
able housing to permit reading the light output of the ATP-luciferase-
luciferin system and/or scintillations from various crystals excited by
radioactive sources. Figure No. I-1 is a view of the instrument.

For sake of economy in both cost and overall size, and to match
the size of the photocathode more nearly to the size of the ATP cell
(about 1") and to the filter papers used for radioactive deposits (13 and
25 mm.), it was decided to use a photomultiplier with a cathode of a
nominal one-inch diameter. After a survey of commercially available tubes
in this size, the RCA type 6199 and Dumont type KM2485 were selected as the
optimum choices for S-11 and 5-20 responses respectively. The choice was
based on a comparison of tube characteristics and costs. The characteristics
of the tubes selected are listed in Table No. I-1 and more particularly,
their responses are compared to firefly (ATP) and scintillator emissions in
Figure No. 1-2. Since the firefly peaks at a longer wavelength, the optimum

match was the tube with the S-20 response, i.e., RM2485.

e
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Figure No.1-2' - Characteristics of photomultiplier tubes




Table No. I-1 - Characteristics of
Photomultiplier tubes

Response

Response @ 5000 %

A max. response

DC supply voltage

Radiant sensitivity
Cathode sensitivity
Current lification

QE ¢ 5300

Anode lum sensitivity
Cathode 1um sensitivity
Anode dark current (equiv. )
Anode dark current (equiv.)
Average anode current
Equiv. noise input

Tube diameter

Window diameter

Seated ht.

Stages

Window index of refraction
Cathode

Ambient temp.

c
=
_|

2.5 x 109 max.

.005
Q.
4 x Zln-Ig
11
1
3.8
10
1.51
Cs-Sb
»

KMPUBS (DIMONT)

520
32
4,200
1,800
23,200
.058 min.
400,000
7.8
30
130
5 x 10'10
015 max.
1.0

Ej

ONPFP -

1

multi-alkali
85



A housing was fabricated in accordance with drawings 604-112-1
and 604-112-2 (Figures No. 1-3 and No. 1-4). The tube socket and the
associated voltage divider were mounted in the socket holder so that the
tube, encased in its magnetic shield projected into the barrel with its
face flush with the end of the barrel.

The assembly section shows the apparatus set up for scintilla-
tion tests. The assembly is supported vertically in a ring-stand, with
the phototube face down. The desired scintillation crystal is placed in
the crystal holder, which is then screwed onto the barrel. The filter
paper carrying the radioactive precipitates is placed on top of the piston
inside the sample cylinder, which is then screwed into the crystal holder.

These operations must be performed in subdued light with the high voltage

power OFF the tube. Otherwise irreparable damage may be done to the tube.

Readings may then be made with the sample to crystal distance adjusted by
the screw. The long thread on the crystal holder permits considerable
variation in crystal thickness.

To make ATP tests, the crystal holder is removed and the chamber
holder mounted in its place. A chamber is screwed into the chamber holder,
using a round glass window (30 mm. dia. 2 mm. thick) with an O-ring on each
side to provide a seal. The assembly is rotated to point the tube face-up
for the test to provide better mixing. (It is returned to face-down when
removing the chamber to avoid spilling the liquids on the tube). The
reactants are injected into the chamber through the small hole, which has
been plugged with a rubber compound ("Silastic'). This operation should be

done in subdued light to minimize light leakage around the needle.
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The electronics are diagrammed in Figure No. 1-5 and listed in
Table No. 1-2. For ATP determinations an oscilloscope (Techtronix 503) or
a recorder (Brush 10) was connected across the load resistor (R12-R13).
For beta counting, a scaler (Nuclear Chicago 186) was connected using the

emitter-follower to drive the scaler.
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Figure No.1-5 - Hazleton instrument Cireuit Diagram




Table No.

R2 through R11
R12 through R14
R15

1-2 - Electronic parts list
for Hazleton Instrument

I-10

1 meg., 1%, 1/4 w.
500 K, 1%, 1/4 w,
100 K, 5%, 1w.
10 K, 5%, 1/2 w.

6 upf., 300 V.

20 wuf., 300 V.

60 puf., 300 v.
180 puf., 300 V.

Fairchild-Dumont
Type KM2UB5
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